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Microfluidic devices have been extensively researched for biological applications. 
Especially in the area of diagnostics, this technology holds many advantages such as high 
throughput, short analysis time and small sample volume, over conventional techniques. 
The functionality of a microfluidic device is further increased with the use of microbeads 
as solid support for different types of biological molecules. However, current bead-based 
microfluidic devices have limited capability in performing multiplex assays. In this 
research, encoded microbeads were incorporated with bead-based microfluidic devices to 
increase its multiplexing capability. 
 
Design and fabrication of the microfluidic device was crucial to the incorporation of 
encoded microbeads. The microbeads should be immobilised and patterned individually 
in an ordered array under flow conditions for detection and analysis. To achieve this, an 
array of 10 µm diameter dome-shape structures surrounding each 5 µm size well for 
immobilising a single 6 µm bead was proposed and studied with computer fluid dynamics 
simulation.  
 
During fabrication of the microfluidic device, the standard photolithography technique 
was modified to fabricate the three dimensional dome-shape structures that could be 
easily integrated with other components in the device. A significant amount of effort and 
time were spent on studying and developing this modified photolithography technique.  
 
 vii 
The final microfluidic device was made of a polymer, poly(dimethylsiloxane), which was 
replicated from a silicon and SU-8 master mold. The size of the device is 43.5 mm X 20 
mm, with a channel width of 0.2 mm and the entire volume of the device is 
approximately 3 µl. The detection area contains an array of 29,000 wells that are spaced 
20 µm apart. 
 
Using this microfluidic device, patterning of the microbeads in the detection area was 
completed within 10 minutes with a newly established protocol. Optimisation 
experiments were subsequently carried out to improve the protocol to achieve over 90% 
patterning efficiency.  
 
As a proof-of-concept, an immunoassay and multiplex DNA hybridisation assay were 
carried out in the microfluidic device with patterning of encoded microbeads. An image 
processing software was used to decode the beads and acquire the corresponding 
fluorescence intensity values. The assays were completed with statistical analysis of the 
intensity values to determine the significance of the results and increase the reliability of 
the device.  
 
At the end of the research, encoded microbeads were incorporated successfully in the 
microfluidic device to carry out a bioassay. With the increase in multiplexing capability, 
this device has the potential to be very useful for rapid point-of-care diagnostic assays.  
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This section provides the background information on the following two topics: 
1) Applications of microfluidic devices and focus of research in this thesis 
2) Advantages of microfluidic devices and aim to improve multiplexing 
capability 
 
1.1.1 Applications of microfluidic devices 
Microfluidic devices are widely used in many areas for miniaturisation of mechanical 
equipments and chemical processes. Recently, such devices have been increasingly 
applied to biotechnology
1
. The microfluidic devices are designed to function as a micro 
total analysis system (µ-TAS), also known as ‘lab-on-a-chip’, that is able to perform 
every step required in an analytical process from sample preparation to reaction and 
detection
2
 (Figure 1). The applications of these systems in biotechnology include cell 
culture and handling, clinical and environmental diagnostics, proteomics, DNA 





. Miniaturisation of these processes offer numerous advantages, including 
small sample and reagents volume, short reaction and analysis time, high sensitivity, 
portability, low cost, high throughput and integration with other microfluidic devices. 
The main focus of the research in this thesis is on the design and fabrication of 
microfluidic devices for performing immunoassays and DNA hybridisation assays, 
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which are extremely vital for clinical diagnosis, environmental analysis and 
biochemical studies.  
 
 
Figure 1. Integrated microfluidic systems on a 3-inch glass wafer for magnetic bead-based biochemical 
detection (Choi et al, 2001). 
 
 
1.1.2 Advantages of microfluidic devices 
Immunoassays are one of the most fundamental tools in various bioassays, and these tests 
are crucial for qualitative and quantitative analysis of proteins. In clinical diagnosis, the 
testing of serum markers such as C-reactive protein, myoglobin and cardiac Troponin I in 
a patient can point towards the onset of acute myocardial infarction (AMI)
4, 5
 and 
immediate testing for these markers in a patient can help a doctor differentiate between 
AMI and pulmonary embolism which show similar chest pains symptoms in patients. 
Immunoassays would also help doctors in the diagnosis of patients suffering from 
traumatic head injuries via detection of certain cytokines such as IL-1β, IL-6, TNF-α and 
TGF-β1 in the cerebrospinal fluid
6, 7
. In environmental analysis, water contaminants such 
as atrazine, isoproturon and estrone are common indicators of the presence of pesticides
8
. 
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These water contaminants as well as biological threats from terrorists and epidemic 






, cholera toxin and 
many harmful bacteria
12
 can all be detected using immunoassays or DNA-based assays. 
 
For decades, the standard immunoassay experiments performed both in research and at 
industrial level are enzyme-linked immunosorbent assays (ELISA) performed on 
microtiter plates. However, ELISA that is performed on microtiter plates has certain 
disadvantages such as the need of a large reaction volume and lengthy preparation time. 
On the other hand, recent research on the use of microfluidic devices for carrying out 
ELISA has overcome such shortcomings. Similarly, DNA hybridisation experiments that 
require 3-18 hours on conventional platforms can be significantly reduced when 
conducted in microfluidic devices. In comparison to current platform technologies, some 
of the important advantages for carrying out bioassays in microfluidic devices are the 
requirement of small experimental volume and reagents, high sensitivity of detection, 
short analysis time and high throughput. 
 
Small volume and high sensitivity 
The cost of reagents can be very high and some samples, especially biological samples, 
are only available in trace amounts. Therefore, there has always been a need to reduce 
reagent and sample volume without compromising the limit of detection in all types of 
biological assays. Conventional ELISA requires a reaction volume of at least 100 µl to be 
filled in a single microwell and each of the microwell is unable to detect more than one 
sample. On the other hand, the dimensions of a microfluidic device ensure a total reaction 
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volume of under 10 µl, depending on the design, without any loss in sensitivity. Lai et al. 
reported a rat IgG detection limit of 5 mg/L that is achievable using only 30 µl of 
reagents on a microfluidic platform, compared to the requirement of 300 µl of reagents 
when the same experiment is performed on a 96-well microtiter plate
13
. Philips also 
fabricated a chip-based capillary electrophoresis system that required only 1 µl of sample 
and the limit of detection was comparable to commercially available high-sensitivity 
immunoassays
7
. Another microfluidic biosensor that incorporated paramagnetic beads for 
detection of dengue virus, required about 4 µl of sample
11
. The reduction in volume 
without any loss in sensitivity is a significant advantage of microfluidics. 
 
Short analysis time 
Microfluidics is a dynamic device that employs both diffusional and convectional forces 
to deliver and mix reagents with samples before analysis. In a sandwich assay, the flow in 
a fluidic device will constantly replace and thereby maintain the concentration of antigen 
delivered to the immobilised primary antibody for binding. On the contrary, ELISA on 
microtiter plate is a static assay that solely depends on the diffusion of the molecules for 
interaction and binding. In addition, the diffusion distance between interacting molecules 
in a microwell is in the range of a few millimetres as compared to tens of microns in a 
microchannel. These factors result in reduced incubation and mixing times, which 
ultimately lead to a much shorter analysis time in comparison to conventional techniques. 
This is a very well established advantage in microfluidics as many papers have reported 
significantly reduced analysis time ranging from 30 sec to 74 min
13-19
. In contrast, 
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conventional ELISA requires a series of incubation, washing and reaction steps that take 
hours to days to perform, due to the inefficient mass transport of molecules. 
 
High throughput 
High throughput in microfluidics is achievable with parallel assays or multiplexing. In 
parallel assays, the multiple experiments are carried out simultaneously within the device 
in parallel compartments. The dimensions of the components in a microfluidic device are 
in the range of sub-microns to a few millimetres. These minute dimensions allow 
identical copies of a design to be fabricated and packed in a single chip, similar to a 
printed circuit board in electronics. Therefore, a sample can be divided among the 
parallel compartments for testing of different analytes in each channel. Sato et al. 
fabricated a device with branching multi-channels that allow four samples to be 
processed simultaneously
20
. The assay time for four samples was 50 minutes as compared 
to 35 minutes for one sample when it was tested in a single-channel device, which 
amounts to a total of 140 minutes for all four samples. 
 
Multiplexing is the process of testing multiple analytes in a sample within a single assay. 
It is different from parallel assays and is more efficient in the use of samples and reagents. 
For example, a sample may contain 4 different analytes to be tested. In a parallel assay, 
testing of the sample would be performed by setting up each branch to detect 1 of the 
analyte and a total of 4 branches would be required to test the sample, which is equivalent 
to performing 4 sub-assays. In a multiplexing assay, the device is able to detect all 4 
analytes in a single branch and would therefore require 4 times less sample and reagent 
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volumes. Currently, attempts to improve the multiplexing capability of microfluidics are 
done by combining microarray with microchannels. Delehanty et al. used a non-contact 
microarray printer to immobilise antibodies at discrete locations on a microscope slide 
and processed the samples with a six-channel flow module
12
. This design combined the 
flow dynamics of microfluidics with the multiplexing capability of microarray to 
dramatically improve the throughput of an assay. In another design, Wolf et al. combined 
concepts of micromosaic immunoassays and microfluidic networks to detect C-reactive 
protein and other cardiac markers for similar purposes
5
. However, multiplexing capability 
of microfluidic devices is still very limited and parallel assays with multiple channels are 
primarily utilised to increase the throughput of bioassays. 
 
1.1.3 Improvement of multiplexing capability 
Applications of microfluidic devices to immunoassays and DNA hybridisation assays 
have been extensively researched and the corresponding advantages have been well 
established. However, a review of the research found a lack of multiplexing strategies in 
microfluidic devices that could significantly increase the throughput of an assay. 
Multiplexing technologies are available in other technology platforms and it would be 
useful to assimilate this capability to microfluidic devices. The aim of the research in 
this thesis is to improve the multiplexing capability of microfluidic devices for 
bioassays by incorporating multiplexing technologies.  
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CHAPTER 2 
2. LITERATURE REVIEW 
2.1 Multiplexing technologies 
Multiplex assays are in demand for drug delivery, drug screening and biological 
diagnostics. The huge amount of chemical libraries to be screened demands a technology 
that allows multiple discrete assays to be performed simultaneously within the same 
volume of sample. Therefore the time required for an assay is reduced significantly, and 
the volume of each group of target molecules in a single sample would also be reduced to 
a few micro or even nano litres.  
 
There are two main strategies available for multiplex assays. The first is found in the 
microarray technology, where each group of molecules is differentiated by their exact 
row and column position
21
. This method has been utilised extensively to analyse SNPs 
and differential gene expression. The other strategy requires the use of microcarriers as 
solid supports to bind to a number of different target molecules. By encoding and 
creating a set of microcarriers for each analyte, the reactions can be tracked by decoding 
and identifying individual microcarriers. Therefore, multi-analyte analysis can be 
performed simultaneously in a single assay.  
 
There are a few methods available to encode the carriers and it is a research field on its 





, electronic encoding using radio frequency
24
 and even 
graphical encoding using laser etching to produce a barcode have been reported
25
. Of all 
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these encoded microcarriers, optically encoded microbeads are found to be most widely 
utilised.  
 
2.1.1 Encoded microbeads 
Microbeads can be encoded to provide optical identification using fluorescent dyes and 
quantum dots. Luminex Corporation has created unique groups of microbeads by loading 
each set of beads with precise proportions of red and orange dyes and a green fluorophore 
is used as the reporter molecule. These beads are used in flow cytometric assays as shown 
in Figure 2 and are identified individually in a flowing stream that passes by two laser 
beams. One beam decodes the beads and the other quantifies the reporter fluorescence 
intensity
26-29
. Theoretically, several unique codes can be generated by increasing the 
number of dyes and controlling its ratio. However, many limitations in the compatibility 
of dyes, reproducible productions and detection sensitivity reduced the number to around 
100 unique groups.  
 
 
Figure 2. Flow of beads that are loaded with precise proportions of red and orange dye and a green 
fluorophore is used as the reporter molecule. Two laser beams are used to decode the beads and quantify 
the reporter fluorescence respectively (Joos et al, 2002).  
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Another company, Illumina, produced the BeadArray that consists of a high-density, 
ordered microwell array that is connected to individual optical fibers. Each fiber is 
chemically etched to create a 3 µm diameter well and is filled by a single encoded bead 
that is randomly assembled by simple dipping and evaporation methods
30
. Nearly 50,000 
individual fibers are grouped to form a bundle, which is placed into a 96-array 
configuration of a standard microtiter plate
31
. The imaging system is able to resolve each 
fiber individually and identify the beads in each well, together with the reporter 
fluorophore. Figure 3 shows an example of the ordered array of wells and the detection of 
individual beads by the optic fibers. An interesting feature of this system is the use of 
array patterning that resembles microarray technology, but it actually decodes randomly 
assembled beads without the need to identify specific locations. This system allows 
assays with encoded microbeads to be performed without the use of a flow cytometer, but 
similar limitations in generating the number of unique codes apply, as the coding 
technology is similar to Luminex beads.  
 
 
Figure 3. Single bundle in a Sentrix Array that is made up of nearly 50,000 individually etched optical 
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Instead of fluorescent dyes, quantum dots have also been used to encode microbeads. 
These 2-6 nm nanoparticles have many important advantages over organic dyes
32, 33
. The 
emission wavelength of the quantum dots can be controlled by varying its diameter and 
only a single light source is required for simultaneous excitation of all the different 
particles. Quantum dots also have narrow, symmetric emission spectra and are about 20 
times brighter than organic dyes, with high stability against photobleaching. Theoretically, 
6 colours and 10 intensity levels can generate one million codes. However, problems due 
to spectral overlapping, fluorescence intensity variations, signal-to-noise requirements 
and limitations in detection systems substantially lower the number of codes producible. 
Han et al. proposed a more realistic scheme of 5-6 colours with 6 intensity levels, which 
will generate 10,000 to 40,000 codes
34
. In the same report, the author also demonstrated 
the use of 1.2 µm polystyrene beads encoded with quantum dots for multiplex assays. 
More recently, Gao and Nie prepared a new generation of quantum dots encoded beads 
based on mesoporous polystyrene beads and surfactant-coated quantum dots
35
. With 
these encoded microbeads, the flow cytometer is able to detect and analyse up to 1000 
beads per second. Although many claims have been made regarding the large number of 
codes that can be generated with quantum dots encoded beads, there is currently no 
reports on assays performed with its full capacity of codes.  
 
In order to overcome the encoding limitations, Illumina devised a novel decoding 
strategy for its arrays. Gunderson et al. described in their report regarding the 
development of a binary-like algorithm that utilises DNA hybridisation and a small 
number of dyes to exponentially increase the sets of encoded beads that can be created
36
. 
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This interesting idea even includes an error checking step that reduces the median error 
rate to <1 x 10
-4
, after decoding around 50,000 beads. With this algorithm, Illumina 
introduced Sentrix Array Matrix and Sentrix BeadChip that can detect up to 1536 SNPs 
in a single DNA sample and by genotyping 96 samples at once, it can determine up to 
150,000 genotype calls simultaneously
37
. However, the main disadvantage of this 
strategy is the numerous steps involved in hybridisation and dehybridisation of DNA 
responsible for coding. 
 
2.1.2 Incorporation of encoded microbeads 
As mentioned previously, Delehanty et al. has tried to combine microarray technology 
with microfluidics to increase multiplexing of an assay. This method requires a 
microarray printer to first immobilise the samples at discrete locations on a microscope 
slide before covering it with a flow module for processing. There are a number of 
disadvantages with this method. The need of a microarray printer will not allow this 
device to be portable and therefore point-of-care testing is not possible. Sealing of the 
microfluidic device is done after introduction of the samples. Therefore, irreversible 
binding methods using plasma oxidation or adhesives are not possible as the samples may 
be damaged during the sealing process. In this case, reversible binding of the device by 
conformal contact using van der Waals forces is used, but it will not be able to withstand 
high pressures in the microfluidic device. Without strong sealing of the microfluidic 
device, a µ-TAS with sample treatment, reaction and detection is nearly impossible. 
Therefore, combination of microarray technology with microfluidics is not the best 
solution to increase multiplexing in devices.  
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On the other hand, encoded microbeads appear to be a potential technology that can be 
incorporated with microfluidic devices to increase multiplexing. Non-encoded 
microbeads are already utilised in microfluidic devices for solid supports and they have 
provided additional benefits to the devices. In addition, optical detection is one of the 
most common technique used for bioassays and would be suitable as a detection method 
in a microfluidic device. It would be useful to study current bead-based microfluidic 
devices to develop a method for incorporation of encoded microbeads. 
 
2.2 Bead-based microfluidic devices 
Bead-based microfluidic devices have an edge over normal fluidic systems, as it employs 
microbeads as a solid support. There are 3 main advantages in the use of these 
microbeads. Firstly, the surface to volume ratio is greatly increased even in a microfluidic 
device. For example, 1 g of microbeads with a diameter of 0.1 µm has a total surface area 




. As a result, the sensitivity of assays is increased due to higher 
efficiency of interactions between samples and reagents. Secondly, the analytes attached 
onto the beads can be easily transported in a fluidic system using pressure-driven flow or 
electric fields. Finally, there are a variety of surface modifications available on these 
microbeads, which will introduce multiple functionalities to a single microfluidic design. 
Therefore, DNA, RNA, antibodies, antigens and a vast number of other biological 
molecules can be easily attached to the microbeads for transport and analysis in a fluidic 
system. 
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The added benefits of incorporating microbeads into microfluidic devices prompted 
researchers to devise many different strategies to immobilise the beads in the channels for 
reaction and detection
39
. Andersson et al. fabricated a grid of pillars by deep reactive ion 
etching which confine the beads for reaction and analysis
40
. Ceriotti et al. designed a 
taper to pack the beads into a column for capillary electro-chromatography
41
 and Sato et 
al. constructed a dam for the entrapment of polystyrene beads in an immunosorbent 
assay
42
. Instead of building physical structures to trap the microbeads, an external 
magnetic field can be applied to a position in a microfluidic system when paramagnetic 
beads are utilised
43
. Alternatively, the surface of microchannels can be modified by 
microcontact printing with binding proteins complementary to other proteins attached to 
the beads
44
. All the strategies have similar aims to concentrate the microbeads in a 
confined area for processing and analysis, as shown in Figure 4. However, such 
immobilisation methods result in a mass of multi-layer trapped beads that cannot be 
easily identified and analysed from one and other. Therefore, a collective signal from the 
beads is obtained and only one analyte can be detected in a single assay.  
 
   
Figure 4. a) Design of dam to trap single layer of beads (Sato et al, 2002). b) Fabrication of filter pillars to 
trap beads for processing and analysis (Andersson et al, 2000). c) Localisation of paramagnetic beads in a 
detection zone (Zaytseva et al, 2005). 
 
 
a b c 
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The microbeads that are employed in current microfluidic devices are not encoded and 
the signals from the beads are collectively measured. If encoded microbeads are used in 
these designs, they will not be able to function properly as each bead cannot be easily 
differentiated and analysed individually. For encoded microbeads to be used for 
multiplexing, the beads should be patterned individually in an array for detection and 
analysis.  
 
For example, three cytokines, interferon-gamma, interleukine-6 and tumour necrosis 
factor-alpha are required to be screened simultaneously in a patient’s sample. Therefore, 
three sets of encoded microbeads, blue, orange and red dyed microbeads are conjugated 
with monoclonal anti-IFNγ, anti-IL6 and anti-TNFα respectively (Figure 5). These 
protein conjugated microbeads can then be mixed and patterned simultaneously in an 
array. Next, the patient’s sample will be introduced to allow the capture of the specific 
cytokines that may be present in the sample by the antibodies. Another set of labelled 
antibodies will then be added to form a sandwich assay with the captured cytokines. The 
detection of the labelled antibodies and decoding of the corresponding microbeads will be 
able to determine the cytokines that may be present in the sample. In this example, 
signals will be detected only at the locations of the orange beads and that will indicate the 
presence of interleukine-6 in the patient’s sample.  
 
Therefore a new microfluidic design must be developed to allow patterning of 
individual microbeads in an array, and as a total analytical system, the beads should 
be patterned in a sealed microfluidic device under flow conditions. 
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Conjugate anti-IFNγ Conjugate anti-IL6 
  
Conjugate anti-TNFα Interleukine-6 
  
 
Labelled antibody  
   
Figure 5. Illustration of a multiplex immunoassay that can be performed with individual patterning of 
encoded microbeads in an array.    
 
 
2.3 Patterning of microbeads 
There has been extensive research on the patterning of particles into well-ordered array 




 and biological molecules 
patterning
47
. The mechanism of patterning employed ranges from electrostatic forces 
between the substrate and charged particles; physical confinement of particles into etched 
substrates by capillary and centripetal forces to dielectrophoresis of polarized particles 
between a pair of electrodes
48
. Most patterning was performed to achieve a closely-
packed array of particles, as opposed to the patterning of individual microbeads. 
Incidentally, two research groups that utilised capillary force presented patterning of 
monodispersed particles. In addition, Cui and Yin’s research closely resembled the set up 
of a fluidic device
49, 50
.    
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The key strategy of the groups’ research was the dewetting of an aqueous dispersion of 
spherical colloids that was confined within a fluidic cell composed of two parallel glass 
substrates. The surface of the bottom substrate was patterned with a 2D array of 
templates, such as cylindrical holes, using photolithography and etching. When this 
dispersion was allowed to dewet slowly across the cell, the capillary force exerted on the 
rear edge of this liquid slug would push the beads across the surface of the bottom 
substrate until they were physically trapped by the templates. A number of forces are 
thought to be experienced by the beads at the rear edge of the liquid (Figure 6). The bead 
may experience an electrostatic force from the surface of the fluidic channels, 
gravitational force due to the mass of the bead and capillary force from the dewetting 
phenomenon of the solvent.  
   
 
Figure 6. Illustration of the forces that are experienced by a bead at the rear edge of the liquid slug during 
dewetting (Yin et al, 2001). Fe: electrostatic force; Fg: gravitational force; Fc: capillary force 
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Electrostatic repulsion could be avoided by neutralising the charges on the surface of the 
channels or ensuring opposite charges between the bead and channel surface. 
Gravitational force was negligible if the density of the bead was similar to the density of 
the solvent. Therefore, the control of capillary force was vital for patterning of the beads 
into the recessed regions or wells. 
 
However, the rate of patterning with this method will pose a problem if the technique was 
directly applied to the microfluidic device in this research. The dewetting speed of the 
liquid slug for patterning of the beads was at 1 mm/h, which was the evaporation rate. 
This will become the rate limiting step for a bioassay, as the reaction and detection of the 
analytes in a microfluidic device will be completed within a few minutes. Therefore, the 
dewetting speed should be increased over 2500 times to allow patterning of the beads to 
be completed as rapidly as other procedures in a bioassay. At such high flow rate, a large 
force will be exerted on the beads in the direction of flow, which would have been 
negligible at evaporation rate. As a result, the patterning efficiency will be reduced 
dramatically as the capillary force may not be sufficient to drive the beads into the wells. 
In order to solve this problem, a unique design of dome-shape structures was proposed to 
be fabricated around the wells to provide a reaction force against the direction of flow. 
This reaction force should reduce the parallel component of forces exerted on the beads 
and allow patterning at high flow rates. The new design will be discussed in greater 
details in Chapter 4. 
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2.4 Fabrication of microfluidic device 
A review of the fabrication materials and techniques was done to decide on the material 
and technique to be used in this research. The following section will introduce the 
different materials and techniques available, and the decision to use a polymer and 
modify an existing technique for fabrication of the microfluidic device. 
 
2.4.1 Fabrication materials 
Silicon, glass and polymers are the three main types of materials used for microfluidic 
fabrication. Although metals are one of the most widely used materials in industries, 
many limitations in micromachining prevented the extensive use of metal. The micron 
and nano dimensions required by these devices can only be easily fabricated with 
semiconductor technology, thus silicon became one of the first materials to be used in the 
early 1990s
51
. However, silicon is opaque and that prevented the use of fluorescent labels 
for detection, which are very popular with immunoassays. Biological molecules also tend 
to adsorb to silicon surfaces and these limitations prompted the search of other 
fabrication materials. Naturally, glass became the next material as it is transparent to 
nearly all absorption and emission wavelengths of fluorescent labels. However, the 
difficult fabrication techniques and toxic chemicals involved did not make glass a popular 
choice among researchers and manufacturers.  
 
Recently, researchers have turned their attention to the use of polymers. Polymers offer 
the advantages of being optically clear, non-toxic and low cost. In addition, simple 
fabrication techniques and a variety of surface modification methods are available to 
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improve the efficiency of these devices. Polycarbonate, polymethylmethacrylate, 
polyethylene, polypropylene and polystyrene are some examples of polymers used 
widely in all fields of research and industries. One of the most extensively used polymers 
in microfabrication is poly(dimethylsiloxane), also known as PDMS. Numerous research 
groups have fabricated their devices using PDMS
52-55
 as it is inexpensive, flexible, and 
optically transparent down to 230 nm, which is important for optical detection. PDMS is 
also nontoxic to cells, impermeable to water, but permeable to gases. Another major 
advantage of PDMS over glass and silicon is the ease of fabrication and bonding to other 
surfaces. In addition, there are many studies carried out on the characterisation and 
surface modifications of PDMS for applications in microfluidics
56
 that can be referenced 
for our experiments. This polymer would be suitable as the material for the microfluidic 
device in this research. 
 
2.4.2 Polymer fabrication techniques 
Polymers are favoured to be used in microfluidics for its numerous advantages and ease 
of fabrication. There are mass production techniques such as injection molding, hot 
embossing and rapid prototyping techniques such as casting and laser ablation
57
. These 
techniques utilise the same basic principles. All polymer fabrications require replication 
from a master mold or tool, which contains the negative structure of the desired design. 
Polymers are then molded at a temperature above their glass transition temperature to 
obtain the final positive structure. With a master mold, numerous identical replicates of 
the device can be easily made. Therefore, the high cost and time consuming fabrication of 
the mold is restricted to only once in a single design.  




, similar to imprinting
59
, requires the fabrication of a mold by 
photolithography or machining. The mold is then mounted on a machine with a planar 
polymer substrate and heated to the polymer’s glass transition temperature in a vacuum 
chamber, before they are brought into contact with a controlled force or pressure. 
Mechanical separation of the mold from the molded substrate will be carried out after the 
temperature is cooled below the glass transition temperature. A variety of polymers can 
be processed with this method and devices with feature sizes below 100 nm have been 
reported to be fabricated with this method. 
 
Soft lithography is a casting technique extensively developed by Whitesides for 
fabrication using PDMS. Similarly, normal lithography is performed to obtain a master 
mold with the desired surface relief. Usually, a negative photoresist is chosen instead of 
positive photoresist due to the high aspect ratio of dimensions required by these devices. 
The microchannels fabricated is able to contain depths greater than 100 µm, which 
cannot be easily achieved by positive photoresist or etching. The resist can be spin coated 
on a silicon or glass wafer and a master mold is obtained after exposure and developing. 
Using this master mold, PDMS molding is carried out by mixing the pre-polymer base 
with its curing agent in the required ratio and curing in an oven at 65 ºC for at least 1 
hour. After curing, the PDMS microchannels can be sealed irreversibly to glass or 
another PDMS surface under plasma oxidation, by condensation of silanol groups present 
on the oxidised surfaces. The main advantage of this technique is that many copies of a 
device can be replicated in a non-cleanroom environment with PDMS molding. Much 
time, cost and chemical hazards are reduced as molding is fast, cheap and non-toxic. 
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Most importantly, the ease and reliability of sealing allow a microfluidic device to 
withstand relatively high pressure and flow rate without leakage. The material 
properties and fabrication processes for PDMS are found to be ideal for fabrication 
of the microfluidic device in this research. 
 
2.4.3 Master mold fabrication techniques 
As mentioned previously, the design of the microfluidic device must first be made into a 
master mold for replication with PDMS. Currently, optical or photolithography
60
 is the 
most common technique for fabrication of the master mold. In photolithography, a 
photomask is required to regulate the UV light exposure on a photosensitive material, 
commonly known as a photoresist. A positive photoresist dissolves readily in a solvent 
upon exposure, while a negative photoresist would crosslink when exposed to the UV 
light to form solid structures. For fabrication of microfluidic devices with PDMS, a 
negative photoresist, SU-8, is commonly used during photolithography as it can generate 
structures with high aspect ratio for the microchannel designs. Although this patterning 
method is extremely well established, it is limited to producing two-dimensional 
structures.  
 
For this research, it was required to pattern an array of individual microbeads under 
relatively high flow rates. To achieve this, a unique design of dome-shape structures and 
wells was proposed to immobilise and pattern the beads. The dome-shape structures were 
three-dimensional structures that could not be easily produced with conventional 
photolithography techniques. Therefore, a review of three-dimensional dome-shape 
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structures microfabrication techniques was carried out to determine the most suitable 
technique to be adopted. 
 
Three-dimensional dome-shape structures fabrication techniques 
Fabrication of three-dimensional dome-shape structures can be found in the area of optics 
and opto-electronics, where microlens arrays are required
61
. Microlenses are used in 
laser-diode arrays, CCD cameras and optical fibres for beam shaping functions such as 
collimation and focusing of light. They are also used in display and projection systems 
for illumination, and photocopiers for imaging purposes. The shape of each microlens is 
hemispherical/dome-shape and the diameters can range from a few microns to 
millimetres (Figure 7). The hemispherical structure of a microlens creates refraction of 
light passing through it, and this control of light is used for focusing or illumination 
accordingly. For the microfluidic device, the optical property of the microlens is not 
required. We are more interested in the physical shape of the dome-shape structures that 
will be crucial in patterning and immobilisation of individual microbeads under flow 
conditions. Therefore, a study of the fabrication techniques that produces such dome-
shape structures was carried out to evaluate the equipments required and the ease of 
integration with fabrication of the entire microfluidic device.  
 
There are quite a number of microfabrication techniques available for making 














 and thermal reflow of photoresist
72
.  
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Figure 7. An array of microlens with hemispherical/dome-shape structures for optics applications (Popovic 
et al, 1988).  
 
 
Laser and electron-beam lithography 
Laser and electron-beam lithography requires high precision-controlled beams that 
locally expose photoresist films with different beam intensity, in order to achieve a 
continuous function of film thickness to beam intensity, thereby obtaining a three 
dimensional structure (Figure 8). First, the beam intensity needs to be calibrated to the 
corresponding relief height of the photoresist during exposure. Next, the surface relief 
data such as the design of an array of domes are generated with a computer program that 
is subsequently converted to beam intensity values using the calibrated data. During 
exposure, the photoresist-coated substrate is moved under the beam with a highly 
accurate translation stage that is synchronous with the beam intensity to produce the 
desired gray-scale pattern in the photoresist. The continuous three-dimensional structures 
are finally achieved with controlled development of the photoresist. 
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Figure 8. Illustration of the sophisticated equipment set up for laser beam lithography (Haruna et al, 1990).   
 
 
Deep lithography with protons 
Irradiation of protons is a technique that has a restricted choice of material for microlens 
fabrication. A research group irradiated a PMMA film with a photomask carrying an 
array of circular footprints. The high energy protons will cleave the long molecular 
chains, which results in controlled circular regions of PMMA with different density. The 
film is subsequently exposed to a hot vapour of styrene that selective diffuses to the 
regions of low PMMA density. Extended exposure of styrene causes an expansion of 
volume at the irradiated sites and swells to form lens-like structures. 
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Laser ablation 
The principle of laser ablation is based on the removal of materials from the substrate by 
spontaneously vaporizing the irradiated material when it absorbs energy above its 
threshold. A variety of materials such as metals, optical glasses, plastics and ceramics can 
be used with this technique to produce three-dimensional structures. The equipment 
configuration is similar to the set up for laser beam lithography, although the intensity of 
the laser is kept constant in this case. The dome-shape structures are achieved by a highly 
controlled translation stage that makes circular concentric movements with different radii 
and speeds during laser exposure. 
 
Microjet printing 
Microjet printing uses the printer technology that is able to control the deposition of 
liquid droplets at discrete locations on a substrate. The printing head is made of a 
piezoelectric ceramic that is able to dispense tiny liquid droplets from the liquid reservoir. 
Either the printer head or substrate can be controlled to determine the location of each 
droplet. These droplets will hit the substrate to form spherical caps due to surface tension. 
The curvature and dimensions of the microlens can be controlled by the volume of each 
droplet, viscosity of the liquid polymer, surface properties of the substrate and cooling 
rate of the polymer.  
 
Gray-scale photolithography 
The key in gray-scale photolithography is the use of a gray-scale photomask that is 
obtained with electron-beam lithography on a chromium/glass mask. This photomask 
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includes specific areas where optical transmission can be varied with different levels of 
gray-scale that are embedded in the mask. The gray levels are made by a repetition of 
transparent holes with differing density or width in the chromium mask. The sizes of the 
holes are below the resolution limit of the UV light, so that the pattern will not be 
transferred to the substrate during exposure. First, the density of the holes or gray levels 
is correlated with the intensity of light that passes through the photomask. Next, the 
intensity of light is calibrated to the relief height of the photoresist during exposure. With 
this information, three-dimensional designs can be translated to two-dimensional gray 
levels for patterning on the photomask, with the help of a computer program. Since the 
light intensity is controlled by the gray-scale photomask, which can be purchased 
commercially, standard photolithography equipment can be used to obtain the three-
dimensional structures such as domes, pyramidal and steps structures.   
 
Thermal reflow of photoresist 
This fabrication technique has been well established for many years and is the most 
popular commercial approach to fabricate large arrays of microlenses. Standard 
photolithography equipment is used to first obtain cylindrical islands of photoresist, 
which can be easily fabricated in large numbers with a regular binary photomask. These 
photoresist columns are then heated above the glass transition temperature to cause 
thermal reflow of the material. Due to surface tension, hemispherical structures are 
formed when the photoresist restructures to minimise surface energy. The dimensions of 
the microlens can be controlled by the size of the columns, viscosity of the photoresist 
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and heating conditions. The simplicity of this technique and the use of standard 
photolithography equipment made it ideal for generating simple dome-shape structures. 
 
Summary of fabrication techniques 
The review of these fabrication techniques provided insights to the generation of dome-
shape structures in a microfluidic device. However, techniques such as laser and electron 
beam, deep lithography with protons and laser ablation are not suitable for this research 
as they require expensive and sophisticated equipment, and long prototyping time. 
Microjet printing is a cheap alternative to obtain the dome-shape structures, but it will be 
quite difficult to integrate the structures with other parts of the microfluidic device.  
 
Gray-scale photolithography utilises standard photolithography equipment, which is 
easily available in most clean room facilities. However, the high cost and long time 
required to fabricate the gray-scale photomask are high deterrence factors for a research 
project that may require a few design refinements for the microfluidic device. Thermal 
reflow of photoresist seems to be the ideal technique for fabrication of the structures, as it 
only requires standard photolithography equipment and binary photomask. The only 
problem may again be the integration with other components of the microfluidic device. 
A simple fabrication method that allows the dome-shape structures to be integrated with 
the other components of the microfluidic device does not seem to exist. Therefore, the 
current photolithography technique was further developed and modified for 
fabrication of the microfluidic device in this thesis.  
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This interesting new technique utilises standard photolithography equipment with a 
negative photoresist. Two binary photomasks are used to first generate the main 
components of the microfluidic device and subsequently produce the required dome-
shape structures that are immediately integrated with the entire device. The steps and 
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CHAPTER 3 
3. RESEARCH DESIGN AND METHODS 
3.1 Overview 
As established in the introduction, the main focus of the research in this thesis was on the 
design and fabrication of microfluidic devices for performing immunoassays and DNA 
hybridisation assays. It was known that current microfluidic devices in this area had 
limited multiplexing capability. Therefore, the aim of the research was to improve the 
multiplexing capability of the devices by incorporating multiplexing technologies. A 
review of existing multiplexing technologies revealed the potential of using encoded 
microbeads for incorporation into a microfluidic device. Although bead-based 
microfluidic devices were already being researched upon, the current devices used non-
encoded beads only as solid supports and their designs did not allow encoded microbeads 
to function properly if they were employed.  In order to incorporate encoded microbeads 
in a microfluidic device, a new design must be developed to allow patterning and 
immobilisation of individual microbeads under flow conditions. With patterning of 
individual beads, the colour codes on the beads could then be decoded accurately during 
the multiplex experiments. A polymer, PDMS, had been identified as the material for the 
microfluidic device due to its favourable properties during fabrication and application in 
bioassays. Fabrication of the microfluidic device was slightly more challenging due to the 
three-dimensional dome-shape structure design that was conceived to pattern the beads. 
The review on existing fabrication techniques did not reveal any simple methods that 
could generate the dome-shape structures with integration to other components of the 
microfluidic device. Therefore, the current photolithography technique was further 
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developed and modified to fabricate the microfluidic device. The research in this thesis 
was divided into three specific aims and the corresponding research designs and methods 
are presented in the following sections. 
 
3.2 Three specific aims 
3.2.1 Specific aim #1: Design and fabrication of microfluidic device  
Design of microfluidic device 
The general dimensions of the microfluidic device were first determined by the diameter 
of microbeads to be used, the number of beads to be patterned and a comfortable 
handling size of the device for operation. The most crucial component of the device, 
which was the patterning and detection area, was studied with computational fluid 
dynamics (CFD) simulation to understand the effects of the dome-shape structures. The 
combination of GAMBIT and FLUENT computer software were used to generate the 
structures and evaluate the most appropriate dimensions of the structures within a set of 
boundary conditions. 
 
Fabrication of microfluidic device  
The research work in this part consisted of master mold fabrication and PDMS molding. 
For master mold fabrication, the current photolithography technique was modified and 
developed to generate the dome-shape structures together with other components of the 
microfluidic device. The design of the device was first drawn using AutoCAD to produce 
two binary photomasks for photolithography. During photolithography, a silicon wafer 
was used as a substrate for depositing a negative photoresist (SU-8), and exposed with a 
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standard mask-aligner. The lithography procedures were modified to generate the dome-
shape structures and a significant amount of time and effort were dedicated to study the 
formation mechanisms of these structures. With the master mold, PDMS molding was 
carried out to obtain the complete microfluidic device. This was a relatively 
straightforward and well established procedure by curing liquid PDMS on the master 
mold and sealing the open channels with another piece of PDMS using plasma oxidation. 
 
3.2.2 Specific aim #2: Patterning of microbeads in microfluidic device  
6 µm fluorescein isothiocyanate (FITC) conjugated polystyrene beads were purchased for 
patterning in the microfluidic device. A solution of microbeads was introduced into the 
device with a syringe pump and air was subsequently flowed through to create the 
dewetting conditions for beads patterning. Patterning of the fluorescent beads was 
visualised with a fluorescence microscope and the image taken was processed with an 
imaging software to calculate the patterning efficiency.  The desired patterning efficiency 
to be achieved was at least 90% within 5-10 minutes. Therefore, a series of optimisation 
experiments were performed to accomplish this target by changing patterning parameters 
such as concentration of beads, settling time and flow rate. 
 
3.2.3 Specific aim #3: Performing immunoassay and multiplex DNA hybridisation 
assay in microfluidic device 
 The microfluidic device was intended for application with bioassays. Therefore, an 
immunoassay and DNA hybridisation assay were performed with the device for a 
feasibility study. Finally, a multiplex assay was performed as a proof-of-concept for the 
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A sandwich assay was carried out in the microfluidic device with a set of antibodies and 
antigen. The primary antibody was conjugated with 6 µm carboxylate polystyrene beads 
before introduction into the device for patterning. Next, the antigen was flowed into the 
device to allow interaction with the primary antibody and a fluorescent-labelled 
secondary antibody was subsequently introduced to complete the sandwich assay. The 
detection area was viewed under a fluorescence microscope to confirm the results of the 
immunoassay. 
 
Multiplex DNA hybridisation assay 
Two short oligonucleotides sequences were used to carry out a DNA hybridisation assay. 
The two sequences were conjugated separately to two sets of microbeads that were 
encoded with blue and red colour dyes. After conjugation, both sets of microbeads were 
mixed and introduced simultaneously into the microfluidic device for random patterning. 
A fluorescent-labelled complimentary sequence was subsequently flowed into the device 
for hybridisation with only one of the oligonucleotides sequences. After hybridisation, 
both the bright field and fluorescent image of the detection area were processed with an 
imaging software to identify the beads and obtain the corresponding fluorescence 
intensities. Finally, statistical analysis was performed with the intensity values to obtain 
false positive, false negative percentages and results of the assay. 
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CHAPTER 4 
4. DESIGN OF BEAD-BASED MICROFLUIDIC DEVICE 
4.1 Introduction 
A microfluidic device offers numerous advantages over conventional technology and the 
addition of microbeads as a solid support increases the functionalities of the device. 
However, current bead-based microfluidic devices lack the multiplexing capability desired 
in diagnostic devices. Therefore, the objective of the research in this thesis is to design 
and fabricate a microfluidic device incorporating encoded microbeads for multiplex 
assays. The challenge to incorporate encoded microbeads is to immobilise individual 
beads in an ordered array for analysis. The following sections will present the design of 
the microchannels, the beads patterning mechanism in the microfluidic device and CFD 
simulation of the dome-shape structures. 
 
4.2 Components of microfluidic device 
The components of the microfluidic device are separated into three sections as shown in 
Figure 9a. Section 1 is a group of inlets where three different reagents can be injected 
simultaneously into the device by a syringe pump. Section 2 is a micromixer that allows 
mixing of the reagents by diffusion. Section 3 is a detection area where the beads will be 
immobilised in an array. This detection area contains an array of 29,000 wells with 5 µm 
diameter and they are spaced 20 µm apart (Figure 9b). Each well is surrounded by four 
dome-shape structures measuring 10 µm in diameter and 6 µm in height. These structures 
are crucial in patterning and immobilisation of individual microbeads, which will be 
elaborated in the next section. 6 µm diameter beads will be used as solid supports for 
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biological molecules and introduced from the inlets to be patterned individually in the 
detection area. The beads are slightly larger than the wells to allow each immobilised bead 
to be sitting on the edge of a well. This will expose a significant area of the beads for 
subsequent interactions with reagents during experiments compared to a completely 
submerged bead in a well of larger diameter. The dimensions of the device are 43.5 by 20 







Figure 9. a) Schematic drawing of the microfluidic device which is separated into three sections. b) 3D 
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4.3 Beads patterning mechanism 
During patterning of the beads, a solution of microbeads will be flowed from the inlet of 
the microfluidic device to fill up the entire detection area. A few minutes will be given 
for the beads to settle to the bottom of the device before air is introduced at 1 µl/min. The 
introduction of air will create an air/water interface, which will result in the formation of 
a capillary force that will assist in patterning of the beads. In addition, the dome-shape 
structures are crucial for immobilisation of the beads at such a high flow rate and 
protection of the beads from subsequent flows when carrying out bioassays.  
 
Figure 10 gives a summary of the forces that are acting on the beads during patterning. 
For a bead at point A, there will be a flowing force exerted by the fluid that is parallel to 
the surface of the channels. Without the dome-shape structure, this force would push the 
bead pass the well and prevent immobilisation. However, the presence of the structure 
will provide a resultant reaction force (blocking force) in the opposite direction of the 
flow. In addition, the dewetting of fluid by the injection of air during patterning creates a 
capillary force that directs the bead into the nearest well.
73
 During dewetting, the surface 
tension of capillary force of the liquid would drag the bead along the bottom of the 
channel and deposit it into the well. The domes would provide an obstacle to removing 
this bead after it has been deposited. The combination of all these forces would allow 
immobilisation of beads in a few minutes, which is over three thousand times faster than 
normal capillary force induced patterning that is carried out at evaporation rate
49
. For dip 
and evaporate methods, the capillary force is created only during evaporation of the 
liquid. Therefore, patterning of beads could take several hours depending on the 
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patterning area Alternatively, an immobilised bead at point B would experience very high 
resistance to being dislodged with protection from surrounding domes. This is very 
important as subsequent washing and reaction steps will be performed at a higher flow 
rate. At point C, the flowing force would be acting tangentially to the curvature of the 
dome. Therefore, the possibility of depositing beads on this area is extremely low, as any 
slight movement of the bead would cause it to roll off the surface of the dome.  
 
 
Figure 10. Schematic drawing of the forces exerted on the beads at different positions in the detection area. 
At point A, the bead is at the dewetting edge of the solution and close to the edge of a well. Point B is an 
immobilised bead and point C shows a bead rolling along the surface of the dome-shape structure. 
 
 
4.4 Computational fluid dynamics simulation 
The effect of the dome-shape structures on the fluid velocity profiles in the microfluidic 
device was studied and confirmed using computational fluid dynamics (CFD) simulation 
with the FLUENT software. First, the structures were modelled with a computer aided 
design program (GAMBIT) and subsequently exported to FLUENT for simulation. 
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FLUENT. The dome-shape structures were first created in GAMBIT and meshed to 
generate millions of elements for fluid analysis (Figure 11). Next, boundary conditions 
and the initial conditions were defined before exporting the model into FLUENT. In 
FLUENT, the model’s laminar flow equations were defined and solved with numerical 
analysis methods and iterated till a solution was obtained. With that, the results were 
represented graphically in vectors, contours and path-line plots. 
 
 




During simulation, the height and diameter of the dome-shape structures were varied to 
assess the effects on fluid flow velocity along the surface of the structures and around the 
wells. The initial fluid velocity of all the simulation was set at 1.6 mm/s and the graphical 
results of the CFD simulation are shown below. The colour coding ranges from red to 
blue that correspond to the highest and lowest fluid velocity accordingly, and the initial 
fluid velocity is represented by the yellow region.  
 
Chapter 4 Design of Bead-based Microfluidic Device 
 4-6 
Figure 12 shows the simulation results for dome-shape structures that are 6 µm high and 
10 µm wide, and the height of the channel is 50 µm.The velocities on the top surface of 
the domes are close to the initial velocity and would prevent any unwanted deposition of 
beads on these areas. As predicted, the structures provide significant protection to the 
area between the domes and it can be seen that the fluid velocities are much lower than 
the initial velocity. Hopefully, this allows the capillary force during patterning to act on 
the beads and immobilise them in the wells.  
 
 
Figure 12. FLUENT simulation results of fluid velocity over dome-shape structures with 6 µm height and 
10 µm diameter. 
 
 
The height of the dome-shape structures was increased to 12 µm and the simulation 
results are shown in Figure 13. The increase in height does not significantly alter the 
velocity profiles on the top surface of the domes. Instead, the velocity profiles between 
the domes are visibly changed from the previous design. The fluid velocities are 
Chapter 4 Design of Bead-based Microfluidic Device 
 4-7 
extremely low and that should increase the patterning efficiency considerably. However, 
if 6 µm beads are used for patterning, the excessive height of the domes would allow 
more than a single bead to be deposited in each well. In addition, the extremely low fluid 
velocities could cause inefficient transport of reagents to the bead surface during 
incubation or hybridisation of biological molecules in the microfluidic device, resulting 




Figure 13. FLUENT simulation results of fluid velocity over dome-shape structures with 12 µm height and 
10 µm diameter. 
 
 
In another simulation, the diameter of the dome-shape structures was increase to 14 µm 
(Figure 14). Similarly, the more significant changes are located in the area between the 
domes. The fluid velocities appear to be slightly higher compared to the first design, but 
the corresponding effects on patterning could not be quantitatively assessed with 
simulation. However, the increase in the diameter of the domes will provide more areas 
for unwanted deposition of beads.  




Figure 14. FLUENT simulation results of fluid velocity over dome-shape structures with 6 µm height and 
14 µm diameter. 
 
 
CFD simulation of the dome-shape structures confirmed the predicted functions of the 
structures during patterning of the microbeads. The design created a volume of low fluid 
velocities around the wells that would favour immobilisation of the beads and provide 
protection during subsequent flows. Slight variations in the dimensions of the domes 
resulted in different velocity profiles and the first design was decided to be used in the 
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CHAPTER 5 
5. FABRICATION OF BEAD-BASED MICROFLUIDIC DEVICE 
5.1 Introduction 
The microfluidic device will be made of PDMS due to its ease of fabrication and 
compatibility with biological molecules and optical detection. Therefore, a master mold 
must first be fabricated for replication with the polymer. The microfluidic device includes 
dome-shape structures that are continuous three dimensional structures and integration 
with the device would pose a challenge during fabrication. As established in the 
background, structures such as these may be fabricated with gray-scale lithography, 
electron beam lithography or thermal reflow of photoresist, although the problem of 
integration still exist. Therefore, the current photolithography technique was further 
developed and modified for fabrication of the microfluidic device. A master mold was 
successfully fabricated with a negative photoresist, SU-8, with complete integration of 
the microchannels design.  
 
5.2 Master mold fabrication  
Standard photolithography process of SU-8 (MicroChem) involves spin coating, soft 
bake, exposure, post exposure bake and developing. The spin coating step determines the 
thickness of the photoresist that is coated on a substrate (glass or silicon) and the soft 
bake process is performed to evaporate the residual solvent before a photomask is placed 
in contact with the photoresist for exposure to UV light. The exposure and post exposure 
bake steps are crucial for crosslinking of SU-8. During exposure to UV light, there is a 
formation of strong acid that is required to initiate the crosslinking of the polymer and is 
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followed by post exposure bake to complete the epoxy crosslinking process. Without this 
step, crosslinking of SU-8 will not be complete even with exposure to UV light. Finally, 
the developing process is performed to remove the un-crosslinked photoresist. For 
fabrication of dome-shape structures, a double exposure process was developed with 
minor modifications to these procedures.  
 
Double exposure of two separate SU-8 layers was performed during photolithography 
with two binary coded photomasks (Figure 15). The first photomask consists of the entire 
microchannel design and the second photomask consists of an array of 5 µm circles that 








Figure 15. Photomask 1 contains the overall design of the microfluidic device excluding the detection 




First, a layer of SU-8 was coated onto a silicon wafer and exposed to 365 nm UV light 
(Karl Suss) with the first photomask after soft bake (Figure 16a). As mentioned 
previously, in a standard SU-8 process, post exposure bake was required to complete the 
crosslinking of SU-8 after exposure to UV light. However, this step was deliberately 
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omitted. A second layer of SU-8 was immediately coated over the first layer after the UV 
exposure. The entire bilayer SU-8 was then subjected to the soft bake step, where some 
interaction between the activated first SU-8 layer and the unexposed second layer 
occurred, resulting in a partially crosslinked interfacial layer (Figure 16b). Subsequent 
alignment and exposure with the second photomask and post exposure bake formed fully 
crosslinked columns in the second photoresist layer (Figure 16c). During developing, all 
un-crosslinked photoresist was dissolved completely. However, the partially crosslinked 
layer was isotropically developed to form a uniform array of dome-shape pits between 
the columns (Figure 16d). The pictorial summary of the master mold fabrication steps is 
shown in Figure 17. The formation of dome-shape pits through the bilayer and double 
exposure process is explained in the following section. 
 
 
Figure 16. a) First layer of SU-8 exposed to UV light without post exposure bake. b) Spin coating and soft 
bake of second SU-8 layer would fully crosslink the first layer and create a partially crosslinked interfacial 
layer within the second layer. c) Fully crosslinked columns were formed after second UV light exposure 
and post exposure bake. d) Developing of sample would remove all unexposed SU-8 and isotropic 












Fully crosslinked SU-8 
b 
Dome-shape pits  
Initial height of 
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Figure 17. Pictorial summary of the master mold fabrication steps. 
 
 
5.3 Formation mechanism of dome-shape structures 
The omission of the first post exposure bake was crucial in the formation of dome-shape 
pits in the first SU-8 layer. This observation was demonstrated by performing 
photolithography on two samples. Sample A was obtained by following the procedures 
shown in Table 1, including post exposure bake for the first SU-8 layer. Sample B was 
processed with identical conditions, other than the omission of post exposure bake. After 
photolithography, both samples were viewed in a scanning electron microscope (SEM, 
Jeol). For sample A, the first SU-8 layer was flat and there was an agglomeration of the 
columns (Figure 18a). Without post exposure bake, sample B resulted in the formation of 
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Silicon wafer 
First layer of 
SU-8 
Spin coating and soft bake 
Exposure with first mask design 
Spin coating and soft bake  
Second layer 
of SU-8 
Alignment, exposure with 
second mask design  
Post exposure bake 
and developing 
Exposed secondary pattern 
Primary SU-8 structure 
Secondary SU-8 structure 
(columns and dome-shape 
pits)  
Master mold  
(Silicon & SU-8) 
Chapter 5 Fabrication of Bead-based Microfluidic Device 
 5-5 
an array of dome-shape pits on the first SU-8 layer, in between an array of discrete 
columns formed by the second layer (Figure 18b).  
 
Table 1. Photolithography steps and process parameters performed for samples A and B. The omission of 
post exposure bake 1 is the only difference between the samples. 
Layer 1 
Sample 
Spin Coat 1 Soft Bake 1 Exposure 1 Post Exposure Bake 1 Developing 1 
A 3000 rpm 
5 min at 65°C 
15 min at 95°C 
50 sec at 
6 mW/cm2 
2 min at 65°C 
4 min at 95°C 
NA 
B 3000 rpm 
5 min at 65°C 
15 min at 95°C 





Spin Coat 2 Soft Bake 2 Exposure 2 Post Exposure Bake 2 Developing 2 
A 4000 rpm 
4 min at 65°C 
12 min at 95°C 
42 sec at 
6 mW/cm2 
2 min at 65°C 
4 min at 95°C 
10 min 
B 4000 rpm 
4 min at 65°C 
12 min at 95°C 
42 sec at 
6 mW/cm2 
2 min at 65°C 





Figure 18. a) Top view of sample A showing random agglomeration of fallen columns. b) Top view of 
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The effect of changing a single processing step was clearly evident in the samples. For 
better characterisation and ease of measurements, the structures in sample B were molded 
with PDMS and the SEM images are shown in Figure 19. The columns and dome-shape 
pits from sample B formed wells and domes respectively in the PDMS mold. The oblique 
and cross-sectional views of the mold clearly revealed the three dimensional 
hemispherical structures that were formed during the double exposure process. The 
dome-shape structure had a diameter of 10 µm and a height of 6 µm. The diameter of the 
well was 6 µm, its depth was 16 µm and spaced 20 µm apart.  
 
   
Figure 19. a) Top view of PDMS molded from sample B showing the reversal of the master mold pattern. 
b) Oblique and c) cross-sectional views of PDMS showing the wells and lens-like structures.  
 
 
It is very interesting that the omission of a simple baking step resulted in completely 
different structures. A number of observations were made and some experiments were 





a b c 
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5.3.1 Thickness of SU-8 bilayer 
It is believed that the interaction between the SU-8 bilayer during the second soft bake 
step resulted in a partially crosslinked interfacial layer, which was responsible for the 
formation of the dome-shape structures. There was a number of evidence supporting the 
formation of this interfacial layer. The thickness of both SU-8 layers in sample A and B 
were measured with a surface profilometer. For sample A, the first SU-8 layer was 36 µm 
and the second layer was 40 µm, and these measurements were within the expected 
thickness of the material under the given spin coating conditions from the manufacturer’s 
data sheet. However, for sample B, the first SU-8 layer was 55 µm while the second layer 
was 23 µm even though the spin coating speed was identical in both samples. It was 
noted that although the individual layer thicknesses of both samples varied significantly, 
the total thickness of the SU-8 bilayer was nearly the same. This observation suggested 
the transfer of material from the second layer to the first, possibly with the formation of a 
partially crosslinked layer. Therefore, an experiment was performed in an attempt to 
observe the existence of this interfacial layer.  
 
5.3.2 Boundary of SU-8 bilayer 
Two additional samples following the fabrication procedures in Table 1 were processed 
without developing of the photoresist. The cross-section of these samples was viewed 
with a SEM to observe for any distinct boundaries between the two SU-8 layers. In 
Figure 20a, two regions were clearly visible in the sample that included post exposure 
bake 1. The interfacial boundary was very distinct and the material texture for SU-8 layer 
1 and 2 looked very different. In contrast, the material in Figure 20b looked fairly 
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uniform and there was no distinct boundary between the two layers of photoresist. 
Although no partially crosslinked layer was clearly observed, the lack of a distinct 
boundary between the SU-8 bilayer suggested some interaction of the materials from both 
layers during processing. 
 
 
Figure 20. a) Cross-sectional image of sample with post exposure bake 1. There is a distinct boundary 
between the two layers of photoresist with very different appearance. b) Cross-sectional image of sample 
without post exposure bake 1. The boundary is not as distinct and it appears as an interfacial layer between 
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5.3.3 Resolution of SU-8 structures 
An additional observation was made from the PDMS mold of samples A and B. Figure 
21 shows the microscope images of the same structure that was obtained from the first 
layer of SU-8 in both samples. It could be seen that the resolution of structures in both 
samples differed significantly. With post exposure bake 1, the crosslinking of the first 
SU-8 layer in sample A was complete before the addition of the second layer. Therefore, 
the structures formed in layer 1 had excellent resolution with well-defined edges. On the 
contrary, the structure in sample B had poor resolution and rounded edges. Such features 
would be commonly found in structures with incomplete crosslinking. This observation 
suggested the presence of a partially crosslinked layer on the surface of the first SU-8 





Figure 21. Bright field microscope image of PDMS molded from the first SU-8 layer in samples A and B. 
a) The cross-sectional view shows good structural resolution at the edges with post exposure bake 1. b) 
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5.3.4 Crosslinking of SU-8 bilayer 
 In addition to physical measurements and observations, differential scanning calorimetry 
(DSC) was used to further study the degree of crosslinking at every step of the 
procedures. Six samples were subjected to different stages of photolithography as shown 
in Table 2 and the spin coating, baking and exposure conditions were identical to the 
corresponding steps in Table 1. In this experiment, no photomask was used during 
exposure of the samples to UV light. Around 5 to 6 mg of photoresist was scraped off 
from the silicon wafers to be placed in aluminium pans for DSC reading. The samples 
were heated to 100 °C at a rate of 10 °C/min and held for 1 min, before cooling to room 
temperature at the same rate.  
 
Table 2. Each sample was subjected to different stages of photolithography for DSC testing. Process 
parameters for each step were the same as shown in the previous table. 
Layer 1 
Sample 
Spin Coat 1 Soft Bake 1 Exposure 1 Post Exposure Bake 1 Developing 1 
1 √ √ x x x 
2 √ √ √ x x 
3 √ √ √ √ x 
4 √ √ √ √ x 
5 √ √ √ x x 
6 √ √ √ x x 
Layer 2 
Sample 
Spin Coat 2 Soft Bake 2 Exposure 2 Post Exposure Bake 2 Developing 2 
1 x x x x x 
2 x x x x x 
3 x x x x x 
4 √ √ x x x 
5 √ √ x x x 
6 √ √ √ √ x 
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For sample 1, only spin coating and soft bake steps were performed. Without exposure, 
there should not be any activation of the crosslinkers. Therefore, heating of the sample 
past the post exposure bake temperature of 95 °C should not cause any crosslinking of the 
photoresist. This is confirmed with the DSC graph shown in Figure 22 where no peak is 
observed, indicating no chemical reactions in the sample. 
 
For sample 2, the addition of a UV light exposure step would initiate the crosslinking 
process. However, no post exposure bake was performed and heating of the sample 
during DSC experiment would cause some reaction in the photoresist. The corresponding 
peak in the graph from around 60 °C to 100 °C reflected the crosslinking of SU-8 in the 
sample. This confirmed that the crosslinking process of SU-8 can only be completed with 
post exposure bake of the photoresist. 
 
For sample 3, the crosslinking process of SU-8 would be initiated with UV light exposure 
and subsequently completed with post exposure bake. Therefore, no significant peaks 
should be observed in the DSC experiment. The existence of a minor peak in the 
corresponding DSC graph could be attributed to some residual crosslinking reactions in 
the photoresist. This may be due to the DSC protocol that required 7-8 minutes to heat up 
to the post exposure temperature and holding this temperature for only 1 minute. For 
actual post exposure bake, the photoresist is placed immediately on a hotplate at the 
required temperature for 4 minutes. 
 
Chapter 5 Fabrication of Bead-based Microfluidic Device 
 5-12 
For sample 4, a second layer of SU-8 was coated on the first layer and soft bake was 
performed. The first layer of photoresist had been subjected to post exposure bake, so the 
crosslinking process of this layer should be completed. The second layer of photoresist 
had not been activated with any UV light exposure, so heating of the sample should not 
result in any peaks in the DSC experiment. The DSC graph in Figure 23 confirmed this 
observation. It was noticed that the minor peak present in sample 3 was not observed in 
this sample. This could be due to the second soft bake step, which was carried out at the 
same temperature of the first post exposure bake that could have removed any residual 
crosslinking reactions in the first SU-8 layer. 
 
Sample 5 was closer to the actual process for dome formation, with the omission of post 
exposure bake 1 for the first SU-8 layer, before coating and soft baking a second layer of 
SU-8. Although the crosslinkers in the first layer of SU-8 had been activated, the process 
of soft bake 2 would have caused crosslinking of the photoresist. As mentioned before, 
soft bake was performed at the same temperature as post exposure bake. In addition, the 
duration of soft bake 2 was three times longer than the duration of post exposure bake 1. 
Therefore, the crosslinking process in the first SU-8 layer was completed and no peak 
was observed in the DSC graph as shown. 
 
For sample 6, the exposure and post exposure bake of the second SU-8 layer would have 
completed the crosslinking process in both layers of photoresist. Again, a minor peak is 
observed in the DSC graph, which was consistent with the presence of some residual 
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crosslinking reactions seen in sample 3. However, this residual reaction would be from 
the second SU-8 layer rather than the first SU-8 layer as seen in sample 3.  
 





Figure 23. Heat flow vs temperature graphs for samples 4, 5 and 6 from DSC experiments. 
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All these experiments supported and explained the formation of a partially crosslinked 
interfacial layer without post exposure bake 1. With reference to sample 5 in the DSC 
experiment, crosslinking of the first SU-8 layer could be completed during soft bake 2 of 
the second SU-8 layer. It was highly possible that during this process, some material from 
the second layer was partially crosslinked by the activated crosslinkers from the first SU-
8 layer. Layer thickness measurements confirmed the addition of material on top of the 
first SU-8 layer and the interaction between the bilayer SU-8 could result in a lack of 
distinct boundary as shown in Figure 20b. The formation of a partially crosslinked layer 
would also result in poor structural resolutions as observed in sample B. 
 
If this partially crosslinked layer is consistent and uniform in its chemical composition, 
chemical developing of this layer would proceed in an isotropic behaviour that is similar 
to the isotropic wet etching of silicon wafers
74
. Coupled with the appropriate geometrical 
design of the array of columns, the generation of this partially crosslinked layer using the 
double exposure process would result in the formation of dome-shape pits between the 
columns after developing. 
 
5.4 PDMS molding  
Fabrication of the master mold with SU-8 using the double exposure process resulted in 
an array of dome-shape pits and columns that were integrated with the microchannels 
design. Using this master mold, the structures can be replicated with PDMS (Dow 
Corning) to obtain the complete microfluidic device. The master mold was first treated 
with silane (Sigma-Aldrich) to allow easy demolding in the subsequent processes. Next, 
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the PDMS curing agent and polymer base was mixed with the volume ratio of 1:10 and 
poured over the master mold. The sample was placed in a vacuum desiccator to remove 
all the air bubbles that were present in the PDMS mixture. Subsequently, the PDMS was 
cured in a convectional oven at 65ºC for 1 hour before it was peeled off and inlet holes 
were punched through. Finally, the PDMS mold was placed under oxygen plasma 
(Harrick) for 1 minute and sealed irreversibly with another flat piece of PDMS to obtain 
the complete microfluidic device. The pictorial summary of the process is shown in 
Figure 24.  
 
 
Figure 24. Pictorial summary of PDMS molding process and plasma oxidation to obtain the complete 
microfluidic device. 
PDMS curing agent 
and polymer base 
(1:10) 
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CHAPTER 6 
6. PATTERNING OF MICROBEADS IN MICROFLUIDIC DEVICE 
6.1 Introduction 
After fabrication of the microfluidic device, beads patterning experiments were carried 
out to validate the design of the detection area for immobilisation of individual 
microbeads. 6 µm fluorescent polystyrene microspheres were used for patterning as the 
results could be clearly visualised under a fluorescence microscope and up to two sets of 
microspheres were patterned simultaneous to test the device’s capability in incorporating 
different sets of encoded microbeads. An initial patterning protocol was set up to 
determine the patterning efficiency of the microfluidic device. In order to achieve the best 
possible patterning efficiency, numerous optimisation experiments were performed with 
changes to concentration of beads, settling time and flow rate. 
 
6.2 Patterning protocol 
6 µm fluorescent polystyrene microspheres (Polysciences) with a concentration of 
2.1x10
8
 particles/ml were diluted five times from the stock solution with de-ionized water 
before a syringe pump (KD Scientific) was used to flow the beads into the device at a rate 
of 3 µl/min for 5 min. Next, air was flowed into the device at 5 µl/min until all the 
solution in the device was removed. These two steps were repeated two more times 
before de-ionized water was flowed to remove all un-patterned microspheres. Next, the 
detection area was placed under a fluorescence microscope (Olympus MX40) and was 
imaged with the appropriate filter for detecting FITC or Rhodamine fluorophores.  
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6.2.1 Patterning of one set of microspheres 
One set of 6 µm YG polystyrene microspheres was patterned in the microfluidic device 
following the initial patterning protocol. Once immobilised, the beads could not be 
removed during subsequent flows unless it was placed in an ultrasonic bath with 
continuous flushing of the channels. Observation of the patterning result was achieved by 
excitation of the fluorescence molecules on the beads at 470 nm wavelength and 
visualisation at 515 nm wavelength (Figure 25). From the image, it can be clearly seen 
that individual microbeads were immobilised in an ordered array.     
    
 
Figure 25. Fluorescence image of the detection area taken with an overhead 10X objective lens. The 
fluorescent polystyrene beads were patterned in an ordered array as designed.  
 
 
The deposition of a single bead in each well is evidently presented in Figure 26. Figure 
26a was taken at a higher magnification and with some amount of light to view the 
structures in the patterning area. Coupled with fluorescence imaging, it can be seen that 
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the location of every bead coincided exactly with the position of the wells in the 




Figure 26. a) Fluorescence image of detection area taken with bright lighting and 50x objective lens. b) 
SEM image of detection area with patterned beads.  
 
 
6.2.2 Patterning of two sets of microspheres 
In another experiment, two sets of fluorescent microspheres were patterned in the 
microfluidic device. The purpose of the experiment was to determine the feasibility of 
incorporating different sets of encoded beads into the device. 6 µm YG and YO 
microspheres were diluted five times and mixed in equal concentration. The mixture of 
two microspheres was flowed simultaneously into the device and patterned according to 
the previous protocol. The patterning results were visualised with two sets of light filters 
in the fluorescence microscope. The YG microspheres were excited at 470 nm 
wavelength and viewed at 515 nm wavelength. The YO microspheres were excited at 546 
a b 
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nm wavelength and viewed at 590 nm wavelength. Two separate images at the same 
position were taken and overlapped with Adobe Photoshop, which is shown in Figure 27. 
Both sets of beads were randomly immobilised in the microfluidic device with good 
spatial resolution. Therefore, patterning of multiple sets of encoded beads in the device 
should be feasible. 
  
 
Figure 27. Fluorescence image of the detection area taken with an overhead 10X objective lens. 2 images 




The patterning results from both experiments showed the success of the design in 
immobilising individual beads in an array under flow conditions. However, some 
patterning defects were observed in the patterning area. In some wells, more than one 
bead was deposited, but this problem could be alleviated by reducing the depth of the 
wells during fabrication. There were also some beads deposited in the interstitial spaces 
between the wells in certain areas. Nevertheless, these defects make up a small fraction of 
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the immobilised beads and the fluorescent signal from majority of the beads could be 
easily differentiated from one and other. With such images, an image processing software 
can be used to analyse the intensity from individual beads easily and rapidly. 
  
6.3 Optimisation of patterning protocol 
The patterning efficiency of the microfluidic device is defined by the number of beads 
that can be patterned in an area of 0.8 mm X 0.5 mm, which will contain 2100 wells. In 
the first patterning experiment, the patterning area contained 1747 beads, which was 
calculated using a free image processing software (ImageJ distributed by NIH) that first 
converted the image to gray-scale before automatically counting the number of particles. 
Using this particle count, the patterning efficiency was calculated by dividing the value 
over the total number of wells. In this experiment, the patterning efficiency was found to 
be 83.2%, but this was achieved with three repetitions of the patterning step, which 
required introduction of the microbeads and flowing of air with every repetition. The 
entire patterning process took nearly 30 minutes, which was not acceptable as a 
preparation step. It is desirable to achieve at least 90% patterning efficiency with a single 
patterning step in order to reduce the patterning time and maximise the capability of the 
microfluidic device. Therefore, optimisation of the patterning protocol was carried out. 
 
Patterning efficiency of the device could be further improved by increasing the 
concentration of beads during patterning. This would increase the probability of a bead 
flowing across a well at the dewetting edge of the fluid and hence, patterning of a bead. 
Allowing some time for the microbeads to sink in the microchannels before flowing of air 
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could also increase patterning efficiency. The microchannel has a height of 55 µm and 
the microbeads that are not flowing along the surface of the channels would not be easily 
immobilised. Therefore, a settling time can be introduced to allow the microbeads to sink 
to the bottom of the microfluidic device for the capillary force to act upon at the 
dewetting edge. Other parameters that can be investigated include better control of flow 
rate or changing the viscosity of the solvent. Reducing the flow rate would decrease the 
flowing force exerted on the beads, thereby increasing the chances of immobilisation. 
Increasing the viscosity of the fluid would increase the contact angle of the liquid-surface 
interface, which would increase the capillary force exerted on the beads that favours 
patterning
49, 75
. Unfortunately, the biological buffers that are required in bioassays restrict 
the change in viscosity of the fluids that can be used in the microfluidic device. By 
varying the concentration of beads, settling time and flow rate, a series of optimisation 
experiments were set up to achieve 90% patterning efficiency within a single patterning 
step.  
 
6.3.1 Concentration of beads 





 beads/ml from the stock solution for patterning. After 
introduction of the beads, a settling time of 3 minutes was given for all experiments. Air 
was flowed at 5 µl/min to pattern the beads and each experiment was repeated at least 3 
times. With 0.45×10
8
 beads/ml, the average patterning efficiency was 28.7% (Figure 28a) 
and by increasing the bead concentration to 1.05×10
8
 beads/ml, the average patterning 
efficiency was significantly increased to 92.0 % (Figure 28b).  
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Figure 28. a) Patterning of beads with 0.45×10
8
 beads/ml, 3 min settling time and flow rate of 5 µl/min gave 
an average patterning efficiency of 28.7%. b) Patterning of beads with 1.05×10
8
 beads/ml, 3 min settling time 
and flow rate of 5 µl/min gave an average patterning efficiency of 92.0%. 
 
 
6.3.2 Settling time 
For this experiment, the concentration of beads was diluted to 0.45×10
8
 beads/ml for 
patterning. Settling time of 0, 3 or 6 minutes were given before introduction of air at 5 
µl/min. Each experiment was repeated at least 3 times for calculation of patterning 
efficiency. Without any settling time, the average patterning efficiency was 7.6% (Figure 
29a). With 3 minutes of settling time, the average patterning efficiency was significantly 
increased to 28.7% (Figure 29b), but when the settling time was doubled to 6 minutes, the 
average patterning efficiency was only increased to 36.3% (Figure 29c).  
 
a b 





Figure 29. Patterning of beads with 0.45×10
8
 beads/ml, varying settling time and flow rate of 5 µl/min. a) 0 
min settling time gave an average patterning efficiency of 7.6%. b) 3 min settling time gave an average 
patterning efficiency of 28.7%. c) 6 min settling time gave an average patterning efficiency of 36.3%. 
 
 
6.3.3 Flow rate 
Three different air flow rates at 10, 5 and 1 µl/min were investigated. In order to have a 
comprehensive understanding of the parameters, these flow rates were tested using 
0.45×10
8
 beads/ml with 0, 3 and 6 minutes settling time. Another set of experiments was 
also performed using 1.05×10
8
 beads/ml with only 3 minutes settling time for patterning 
at the different flow rates. Each experiment was repeated at least 3 times for calculation 
of patterning efficiency. The results for a set of experiments using 0.45×10
8
 beads/ml and 
3 minutes of settling time are shown in Figure 30. At the air flow rate of 10 µl/min, the 
a b 
c 
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average bead patterning efficiency was 10.1% (Figure 30a). At 5 µl/min, the patterning 
efficiency was increased to 28.7% (Figure 30b) and was doubled to 63.4% (Figure 30c) 





Figure 30. Patterning of beads with 0.45×10
8
 beads/ml, 3 min settling time and varying flow rates. a) 10 µl/min 
of flow rate gave an average patterning efficiency of 10.1%. b) 5 µl/min of flow rate gave an average patterning 
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6.3.4 Discussion of optimisation experiments 
Concentration of beads 
Three main parameters, concentration of beads, settling time and flow rate were 
investigated in these experiments. In Figure 31, the effect of beads concentration on the 
patterning efficiency was clearly presented in the graph. The patterning efficiency with 
1.05×10
8
 beads/ml was significantly higher than 0.45×10
8
 beads/ml at every flow rate. At 
the flow rate of 10 µl/min, the patterning efficiency was increased over 7 times when 
1.05×10
8
 beads/ml was used. At the flow rate of 5 µl/min, there was around 3 times 
improvement with the same increase in beads concentration. However, the patterning 
area was overfilled with beads when the flow rate was reduced to 1 µl/min and the 
immobilised beads could not be identified individually.  
 
It was also seen that with a fixed settling time, there was a linear increase in patterning 
efficiency when the flow rate was reduced from 10 µl/min to 1 µl/min for both 
concentrations of beads that were used. There could be greater improvements in 
patterning if the flow rate was further reduced, but it would lengthen the time taken to 
complete an assay, which was not desirable.   
 
Although reducing beads concentration would reduce the amount of reagents required in 
an assay, none of the experiments with 0.45×10
8
 beads/ml could achieve over 90% 
patterning efficiency. Therefore, a higher concentration of beads would be required 
during patterning if the flow rate was not to be reduced further. In this experiment, the 
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patterning efficiency was above the desired value at 92% when 1.05×10
8
 beads/ml was 
patterned at a flow rate of 5 µl/min.  
 




































 beads/ml at each flow rate. *patterning 
area overfilled with beads 
 
 
Settling time and flow rate 
The effects of changing settling time and flow rate are shown in Figure 32. At the flow 
rate of 1 µl/min, there was nearly 4.4 times improvement in patterning efficiency when 
the settling time was increased from 0 to 3 minutes, which was shown by the steep 
gradient of the curve. When the settling time was doubled to 6 minutes, the slope of the 
curve nearly levelled off and there was only 1.3 times improvement in patterning 
efficiency. This could be attributed to the fact that most of the beads would have sunk to 
the bottom of the device after 3 minutes, so the doubling of settling time would not 
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improve the patterning efficiency proportionately. At the flow rate of 5 µl/min, the 
general trend of the curve was as before, with nearly 3.8 times improvement from 0 to 3 
minutes and 1.2 times improvement when the settling time was doubled to 6 minutes. The 
trend of decreasing gradient of the curve was completely reversed when the flow rate was 
at 10 µl/min. The improvement in patterning efficiency was only 2 times when the 
settling time was increased from 0 to 3 minutes, and the improvement was up to 2.7 times 
when the settling time was doubled to 6 minutes. It was not clear how the final increase 
in settling time resulted in relatively more improvement in patterning efficiency at the 
fastest flow rate as compared to the rest. Nevertheless, all the results in the experiments 
showed that when the settling time was increased, the patterning efficiency at every flow 
rate was also correspondingly increased. 
 


























10 µl/min 5 µl/min 1 µl/min
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Table 3 shows the summary of the patterning results and the optimised patterning 
protocol was decided. The best patterning efficiency of 92.0% was achieved with 
1.05×10
8
 beads/ml, 3 minutes of settling time and air flow rate at 5 µl/min. This 
optimised protocol was used for all subsequent biological assays that were carried out in 
the microfluidic device. 
 
It should be noted that since the size of the inlet to the detection area was much smaller 
than the width of the detection zone, there was non-uniform distribution of beads 
deposition over the entire area for each device. This distribution was fairly random, but 
there would be several zones where over 92.0% of 2100 wells would be patterned. This 
problem could be solved by reducing the width of the detection zone to the same width of 
the inlet. In order to maintain the same number of wells, the length of the detection zone 
must be increased accordingly.  
 
Table 3. Summary of average patterning efficiency achieved by varying beads concentration, settling time 





0 min settling time 
0.45×108 beads/ml 
3 min settling time 
0.45×108 beads/ml 
6 min settling time 
1.05×108 beads/ml 
3 min settling time 
10 5.0% 10.1% 27.7% 71.4% 
5 7.6% 28.7% 36.3% 92.0% 
1 14.5% 63.4% 71.8% * 
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CHAPTER 7 
7. PERFORMING BIOLOGICAL ASSAYS IN MICROFLUIDIC DEVICE 
7.1 Introduction 
The main principle of immunoassays is the use of antibodies produced by an organism’s 
immune system to capture and detect the presence of a specific antigen. In diagnostic 
devices, the sandwich assay is most commonly carried out as shown in Figure 33a. A 
primary antibody is first immobilised on a substrate before the analyte is introduced for 
incubation. If the antigen that is specific to the antibody is present in the analyte, it will 
be captured after incubation. Next, a secondary antibody that is labelled with a 
fluorescent molecule is added to interact with the antigen to form a sandwich assay. 
Detection of the fluorescent signal will indicate the presence of the antigen in the analyte. 
Similarly, short oligonucleotide sequences can be designed and synthesised to detect viral 
RNA or cDNA in a sandwich hybridisation assay (Figure 33b). An oligonucleotide probe 
is designed to hybridise with the 5’ end of the viral RNA and another probe that is 
labelled with a fluorescent molecule is designed to hybridise with 3’ end of the RNA. 
Detection of the fluorescent labelled probe after hybridisation will indicate the presence 
of the virus.  
 
In the microfluidic device, polystyrene beads are employed as the substrate to immobilise 
the primary antibody or oligonucleotide probe. The polystyrene beads contain 
carboxylate groups for covalent bonding with amine groups on the biological molecules 
and this conjugation step is performed outside the microfluidic device. These conjugated 
microbeads will then be flowed into the device for immobilisation and patterning. 
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Subsequently, all incubation, washing, secondary reactions and analysis will be carried 
out in the microfluidic device.  
 




























Primary DNA probe 











Figure 33. a) Sandwich immunoassay with a primary antibody, antigen and secondary labelled 
antibody. b) DNA sandwich hybridisation assay that can be performed to detect viral RNA or cDNA. 
 
 
7.2 Immunoassay with rabbit IgG 
A sandwich immunoassay with a rabbit IgG (provided by Dr Gao Rong from Department 
of Anatomy) that is specific to the snake toxin of Naja Kaouthia was carried out in the 
microfluidic device. The antigen interaction region on an antibody resides in the tip of 
two F(ab) arms, therefore the orientation of the antibody during conjugation is crucial to 
its activity. In the ideal case, the F(c) arm of an antibody should be immobilised on the 
substrate and the F(ab) arms should be pointing away to allow interaction with the 
antigen. There are random or site-directed conjugation methods available to immobilise 
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an antibody to a substrate
76
, where random conjugation does not ensure proper 
orientation of the antibody and site-directed conjugation does. In this experiment, 
covalent bonding of the carboxylate beads with any free amine groups present on the 
rabbit IgG is a random conjugation. Using separate static assays, the loss of activity after 
conjugation was estimated up to 80%. Therefore, the subsequent signal was too weak to 
be detected as the concentration of antigens captured was too low. Slight modifications to 
the biological molecules were made to overcome this problem. 
 
A goat anti-rabbit IgG was used to replace the snake toxin, because this secondary 
antibody is able to recognise all parts of the primary antibody. Hence, random 
conjugation of the rabbit IgG will not result in any loss of activity. During the experiment, 
rabbit IgG was conjugated to 6 µm carboxylate red dyed microspheres (Polysciences), 
washed and re-suspended in 3%BSA/PBSA/Tween (Sigma-Aldrich) solution with ten 
times dilution. Goat anti-rabbit IgG-FITC (Sigma-Aldrich) was diluted 2500 times in 
3%BSA/PBSA/Tween. Before introduction of the beads into the microfluidic device, 1% 
BSA solution was flowed at 10 µl/min for 30 min to coat the surface of the channels in 
order to prevent any non-specific binding and reduce adsorption of proteins. Next, PBS 
was flowed at 10 µl/min for 5 min to wash the channels. The bead patterning protocol 
was followed to immobilise the protein conjugated microbeads in the device. Next, anti-
rabbit IgG was flowed at 3 µl/min for 1 hr before PBS/Tween was flowed at 10 µl/min 
for 15 min to wash away any excess labelled antibody. Finally, the detection area was 
placed under a fluorescence microscope (Nikon TE2000) for imaging (Figure 34). The 
positive result showed the potential of the microfluidic device to be used for 
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immunoassays, but to maximise the signal of the assays, site-directed conjugation 
techniques should be chosen over the current conjugation method.  
 
 
Figure 34. Fluorescence image of the detection area after the immunoassay was completed. The green 




7.3 Multiplex hybridisation assay with oligonucleotides 
In addition to antibodies, DNA hybridisation in the form of short oligonucleotides 
sequences was performed in the microfluidic device. Two 25-mer oligonucleotide probes 
(Proligo) named SinProbe and JamProbe were designed and synthesised with an amine 
group at the 5’ end (Table 4). The corresponding complimentary sequences named 
SinTarget and JamTarget were designed with a FITC molecule at the 5’ end.  
 
Table 4. Oligonucleotide sequences designed and synthesised for multiplex assay.  
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7.3.1 Optimisation of DNA probe and target 
Before any DNA hybridisation experiments was performed in the microfluidic device, a 
series of experiments were carried out in a centrifuge tube to optimise the probe 
concentration for conjugation with the microbeads and to determine the appropriate target 
concentration for hybridisation.   
 
DNA probe 
The concentration of SinProbe was optimised for conjugation with 6 µm carboxylated 
polystyrene beads (Polysciences). 5 µl of beads (0.125 mg) was washed 3 times with 100 
µl of 0.1 M imidazole buffer (Simga-Aldrich). It was then suspended in centrifuge tubes 
using imidazole buffer that contained varying concentration (0.5 µM, 1 µM, 2 µM, 3 µM, 
5 µM and 6 µM) of SinProbe and 1.5mg of carbodiimide (Polysciences) to make up a 
total volume of 100 µl. Next, incubation was carried out on a rotary shaker for 3 hours 
before the beads were washed thrice with 2XSSC/0.5%SDS buffer (Sigma-Aldrich). 
After washing, the beads were incubated with an excess concentration of fluorescence 
tagged SinTarget (1 µM) in 100µl of 2XSSC/0.5%SDS buffer for one hour. After an hour, 
the beads were washed once and re-suspended in 10 µl of buffer. 5 µl of suspended beads 
were then placed on a glass slide and examined under the fluorescence microscope 
(Nikon TE2000). The experiments were repeated three times for every probe 
concentration. 
 





Figure 35. Fluorescence images of microbeads conjugated with varying SinProbe concentrations and 
hybridised with excess SinTarget. 
 
 
The fluorescence images from the optimisation experiments are shown in Figure 35 and it 
could be seen that as the concentration of SinProbe increased, the fluorescence intensity 
on the beads also increased. As the amount of SinTarget was added in excess, the change 
in fluorescence intensity was directly related to the change in probe concentration. The 
0.5 µM 1 µM 
2 µM 3 µM 
5 µM 6 µM 
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fluorescence intensities from the images were measured with ImageJ and the normalised 
data was plotted in Figure 36. Normalisation of the intensity was done by dividing the 
average fluorescence intensities at every probe concentrations with the intensity value 
that was obtained from the data set with 0.5 µM of DNA probe.   
 
 
Figure 36. Graph of normalised fluorescence intensity against SinProbe concentrations. 
 
From the graph, the observation for increasing intensity with increasing SinProbe 
concentration was confirmed. However, the increase in fluorescence signal was relatively 
low when 5 and 6 µM of probe were used. This saturation of signal indicated the limit of 
DNA probe that could be conjugated onto the beads. Therefore, 3-4 µM of probe was 
added with 5 µl of beads for all subsequent biological assays. Adding higher 
concentrations of probe would be a waste and lower concentrations would reduce the 
fluorescence intensity and lower the sensitivity of the experiments. 


















SinProbe Concentration (µM) 
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DNA target      
The concentration of SinTarget was varied to determine the appropriate amount to be 
used for hybridisation experiments. First, 10 µl of beads (0.25 mg) was washed 3 times 
with 100 µl of 0.1 M imidazole buffer. It was then suspended in 150 µl of imidazole 
buffer containing 3 mg of carbodiimide and 4 µM of SinProbe. After which, incubation 
was carried out on a rotary shaker for 3 hours. Next, the beads were washed thrice with 
2XSSC/0.5%SDS buffer. After washing, the beads were incubated with different 
concentration of SinTarget (0 nM, 10 nM, 50 nM, 100 nM and 200 nM) in 100 µl of 
2XSSC/0.5%SDS buffer. After an hour, the beads were washed once and re-suspended in 
10 µl of buffer. 5 µl of suspended beads were then placed on a glass slide and examined 
under the fluorescence microscope (Nikon TE2000). The experiments were repeated 
three times for every target concentration.  
 
The fluorescence images from the experiments are shown in Figure 37 and it could be 
seen that as the concentration of SinTarget increased, the fluorescence intensity on the 
beads also increased. With a constant concentration of SinProbe in all experiments, the 
change in fluorescence intensity was directly related to the change in target concentration. 
The fluorescence intensities from the images were measured with ImageJ and the 
normalised data was plotted in Figure 38. Normalisation of the intensity was done by 
dividing the average fluorescence intensities at every target concentrations with the 
intensity value that was obtained from the data set with 10 nM of DNA target.   
 





Figure 37. Fluorescence images of microbeads conjugated with 4 µM of SinProbe and hybridised with 
varying SinTarget concentrations. 
 
 
    
0 nM 10 nM 
50 nM 100 nM 
200 nM 
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Figure 38. Graph of normalised fluorescence intensity against SinTarget concentrations. 
 
 
From the graph, it could be seen that the gradient was the steepest from 0 to 10 nM of 
SinTarget. This indicated that the experiments were suitable for detection of fluorescence 
tagged DNA target at this concentration range as any slight change in target 
concentration would lead to a large increase in fluorescence intensity. Even at the range 
of 10 to 50 nM, the experiment would be able to differentiate the corresponding signal 
accurately. However, when the concentration of SinTarget was increased past 50 nM, the 
slope of the curve levelled out and this indicated the saturation of fluorescent signal. This 
would be due to the majority of the conjugated probes being hybridised by the 
complimentary targets. Testing of SinTarget concentrations past 50 nM would not be 
advisable as the corresponding fluorescence intensities would not be easily differentiable. 
For the proof-of-concept DNA hybridisation experiments that were performed in the 
Fluorescence Intensity with Different SinTarget Concentration 
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microfluidic device, 25-50 nM of target were used to reduce wastage of reagents and to 
allow high fluorescence signal for detection. 
 
As all the oligonucleotides used in the research contained the same number of bases with 
similar modification molecules attached, the results from these optimisation experiments 
were applied across the two sets of DNA.    
 
7.3.2 Hybridisation assay in microfluidic device 
After the optimisation experiments that were carried out in centrifuge tubes, a multiplex 
DNA hybridisation assay was performed in the microfluidic device. For this multiplex 
assay, SinProbe was conjugated to 6 µm blue dyed carboxylate beads and JamProbe was 
conjugated to 6 µm red dyed carboxylate beads (Polysciences) separately outside the 
microfluidic device. During conjugation, 10 µl of beads (0.25 mg) were washed thrice 
with 100 µl of 0.1 M imidazole buffer (Sigma-Aldrich). It was then suspended in 100 µl 
of imidazole buffer containing 6 µl of each probe with initial concentration of 100 µM 
and 2 mg of carbodiimide (Polysciences). Next, incubation was carried out on a shaker at 
50 ºC for 3 hours. After incubation, the beads were washed three times with 
1XPBS/0.5%SDS (Sigma-Aldrich) buffer. Both the blue and red dyed beads were mixed 
in equal concentration and patterned in the device following the previous protocols. 
JamTarget was diluted to 50 nM in 1XPBS/0.5%SDS and the sodium concentration in the 
PBS was adjusted to 500 mM to facilitate hybridisation. During hybridisation, 60 µl of 
JamTarget was flowed into the device at 2 µl/min for 30 min and no washing was 
required after hybridisation to remove any excess targets. The detection area was placed 
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under a microscope (Nikon TE2000) and a bright field image was taken to capture the 
position of the patterned colour dyed beads (Figure 39a). Next, the microscope was 
switched to fluorescence mode and a fluorescence image was taken at the same position 
(Figure 39b).  
 
Figure 39a showed random patterning of blue and red dyed beads in the detection area. 
The beads were immobilised individually in an array and no beads were deposited in the 
interstitial spaces. In a small number of wells, more than one red dyed bead was 
immobilised together and such defects could be clearly visualised in the corresponding 
fluorescence image. However, no such defects were observed with the patterning of blue 
dyed beads and this could be due to the variation in diameter of the beads that were 
purchased. Although 6 µm beads were ordered from Polysciences, the actual diameter of 
the beads that were given would vary with every order. For this experiment, the mean 
diameter of blue dyed beads was 6.5 µm with a standard deviation of 0.4 µm, and the red 
dyed beads was 5.8 µm with a standard deviation of 0.6 µm. At the lower deviation limit, 
the experiment would include blue dyed beads with 6.1 µm diameter and red dyed beads 
with 5.2 µm diameter. During patterning, the smaller red dyed beads could fall into the 
depth of the wells and allow another bead to be immobilised together, but the wells 
would not fit more than one of the slightly larger blue dyed beads. This would explain the 
presence of defects with patterning of red dyed beads, while no such problems were 
observed with blue dyed beads. This problem could be solved by reducing the depth of 
the well as discussed before, or by ensuring the minimal diameter of beads that were 
delivered to be more than 6 µm.    




Figure 39. a) Microscope image of 6 µm blue and red dyed polystyrene beads conjugated with DNA 
probes. (20x objective lens) b) Corresponding fluorescence image of signal from hybridised targets.  
(20x objective lens) The highlighted positions were magnified and presented in Figure 40. 
a 
b 
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In Figure 39b, fluorescent signals were detected at selective positions in the detection 
area. From the corresponding magnified images (Figure 40), it could be seen that the 
fluorescent signals were only present at the position of the red beads where JamProbe 
was conjugated. No signals were seen at the positions of the blue beads and empty wells. 
If more than one red bead was immobilised together in the same position, the 
fluorescence image would reveal such defects clearly as shown. This multiplex DNA 
hybridisation experiment was successfully conducted and provided a proof-of-concept for 
the incorporation of encoded microbeads in the microfluidic device. The fluorescent 
signals that were obtained from this experiment were further analysed with an image 
processing software.  
 
  
Figure 40. a) Magnified image of the selected position from Figure 39a. b) Corresponding magnified 
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7.4 Statistical analysis of multiplex assay 
An image analysis software (LabVIEW) was used to analyse both images in Figure 39. 
As the beads were patterned in an ordered array, the software was easily programmed by 
setting the RGB value to identify the different coloured beads in each well position. First, 
the software was instructed to collect information at the positions of the immobilised 
beads. At each position, the area for analysis could be adjusted according to the size of 
the beads for selective collection of information. Next, the beads were identified by 
setting the RGB value to identify the colour of the beads. During analysis of the bright 
field image, the R value was set to 150 and the software identified each position on the 
array as ‘Red’ for the red dyed beads or ‘Others’ for the blue dyed beads and empty wells 
(Figure 41a). This information was retained by the software for analysis against the 
corresponding fluorescence image shown in Figure 41b and the fluorescence intensity 
values were recorded with prior knowledge of the type of beads at every position. 
Statistical analysis was performed with these values to determine the significance of the 
experiment. 
 




Figure 41. a) The beads at every well position in the array are decoded and identified using LabVIEW. b) 
The intensity values at every position in the array on the corresponding fluorescence image are obtained 
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7.4.1 Histogram 
The fluorescence intensity values were grouped into two sets of data, ‘Data Red’ for red 
dyed beads and ‘Data Others’ for blue dyed beads and empty wells. As hybridisation 
would have occurred only on the red beads, there should not be any fluorescent signal 
detected from the blue dyed beads and empty wells. A histogram for Data Others was 
generated with 316 data points using the intensity values (Figure 42). From the histogram, 
it could be seen that the data points followed a normal distribution profile with a peak for 
the most number of beads having signal intensities from 16-18. These intensities would 
be due to some background signal that was generated from the beads or equipment. 
However, there were some data with relatively high intensities that formed another minor 
peak in the histogram. This suggested the presence of another population in the sample 
and a check with the image analysis process revealed the cause of this problem.  
 






















Figure 42. Histogram for “Data Others” with total number of beads at different fluorescence intensities.  
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In Figure 43, it could be seen that the bead at position 4 was grouped with Data Others. 
However, an inspection on the image found two red dyed beads that were immobilised in 
the same well. As a result, the beads were pushed out of position and the R value that was 
obtained fell below the limit that was set. Therefore the bead was not identified as Red 
and was grouped with Data Others. During the subsequent analysis, a very high 
fluorescent signal was detected at position 4 and contributed to the outliers in Data Others. 
At position 12, another red dyed bead was wrongly classified as Others. This position did 
not appear to contain more than one bead, but the bead’s position was slightly off the 
determined location for data collection. Therefore the software did not pick up enough R 
value to classify it correctly. These problems could be solved by changing the R value for 
identification, adjusting the location or increasing the area for data collection. For this 




Figure 43. Magnified image of beads in position 4 and 12 showing wrong identification of the colour by the 
image processing software.  
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The histogram for Data Red was generated with 325 data points (Figure 44). The highest 
peak was for the most number of beads with intensities from 55-65. Similar to the 
previous histogram, there were two peaks in the graph, indicating the presence of another 
sample population. In the previous histogram, the minor peak was situated far away from 
the main data, which indicated the presence of outliers that was due to wrong 
classification of some data during image processing. However, the minor peak for this 
histogram was located right beside the main data, so it was unlikely to be caused by the 
same problem of wrong data classification. A quick reference to the image analysis 
showed that the population of beads with high intensities were mostly caused by the 
collective signal from two red dyed beads that were patterned in a single well. This 
problem would only be solved if it was ensured that only one bead was immobilised in a 
single well. Nevertheless, the data was included in subsequent analysis as they 
represented hybridisation on the red dyed beads.   
 





















Figure 44. Histogram for “Data Red” with total number of beads at different fluorescence intensities. 
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7.4.2 False negative and positive percentages 
After identification of the beads and grouping of the data, a fixed intensity value for the 
background signal was determined for comparison against all fluorescence intensity 
values. As a general rule, the fluorescent signal should be at least three times greater than 
the background signal for consideration as a positive result. For this experiment, the 
background signal was first determined by measures of central tendency using mean, 
median or mode of Data Others.  
 
The mean is the average of the values in the data set and is commonly used as a measure 
of central tendency. However, if there are a few outliers or values that are very different 
from the majority of the data points, the mean value will be skewed. Therefore, the 
median or mode would be a better representation of the central tendency in a data set. In 
this experiment, the average of Data Others was 21.5, while the median and the mode 
were 18. There were a few outliers in the data but due to the large sample size of 316 data 
points, the difference between the average and median was minimal. However, the 
median was chosen for accuracy and the background signal for this data set was 
determined to be 18.  
 
Using this background value, any intensity value in Data Red that was lower than 54 (3 
times of 18) was taken as a negative result and the intensity value of 54 and above was 
taken as a positive result. Out of 325 data points for Data Red, 76 points were below the 
intensity value of 54. These 76 points were taken as negative results or more specifically 
classified as false negative results. That was because the 76 data points should have 
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fluorescence intensity values that were over 54, if hybridisation of the DNA was 
performed successfully. The occurrence of false negative data points could be due to non-
uniformity during conjugation of the oligonucleotide probe to the microbeads, defects 
during synthesis of the fluorescence tagged target that resulted in low signal or defects 
during synthesis of the oligonucleotide sequences that prevented hybridisation. Random 
procedural and manufacturing defects such as these would always be present in every 
assay. Therefore, there is a need to set an acceptable false negative percentage to increase 
the reliability of bioassays that are performed in the microfluidic device.  
 
The false negative percentage is defined as the ratio of the number of false negatives to 
the number of positive instances. In this experiment, the false negative percentage was 
calculated to be 23.4% with 76 false negative data points out of 325 red dyed beads. With 
repeated experiments using the same microfluidic device and different batches of 
reagents, a standard of false negative percentage can be determined as a reliability 
measure for the results that are obtained from the device. For example, out of ten 
repeated experiments, nine of the assays had false negative percentages under 23.4% and 
one of the assays had a 50% false negative percentage. Although it may be observed that 
all detected fluorescent signals coincided with the positions of the red dyed beads, but the 
high false negative percentage would cast a doubt over the reliability of this assay and the 
experiment should be repeated. Therefore, setting an appropriate false negative 
percentage would increase the reliability of the assays that are performed in the 
microfluidic device.      
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There could also be false positive results in an assay. In this experiment, any intensity 
value from Data Others that were 54 and above were considered as false positive results, 
as no hybridisation should have occurred on blue dyed beads and empty wells. Most of 
the false positive data points in this experiment were due to the wrong classification of 
data during image processing, where the red dyed beads were not identified correctly. 
The false positive percentage is defined as the ratio of the number of false positives to the 
number of negative instances. Out of 316 data points that should not be positive, 16 data 
points had intensity values greater than 54. This was calculated as 5.1% for this 
experiment, which was at an acceptable level. The false positive percentage can be 
considered as the significance level of the assay, which is also related to the specificity of 
the experiment. In another words, an assay with a low false positive percentage gives us 
more confidence in the results and shows greater specificity to the analytes that are being 
tested. It is good industrial practice to have devices having 5% or lower false positive 
results, which is commonly known as the two and three sigma rule. By setting an 
acceptable false positive and negative percentage, future assays can be referenced with 
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7.4.3 Summary of statistical analysis 
The use of LabVIEW for image processing and statistical analysis of the fluorescence 
intensities completed the multiplex bioassay that was performed in the microfluidic 
device. The imaging software demonstrated the capability to decode randomly 
immobilised beads in the detection area and to capture the corresponding fluorescence 
intensity. This was only possible because the design of the microfluidic device allowed 
patterning of individual beads in an array. With such image processing software, multiple 
sets of encoded beads could be used with the device for multiplex assays. In addition, the 
statistical analysis provided different ways of studying the results from the experiments, 
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CHAPTER 8 
8. CONCLUSION AND FUTURE WORK 
8.1 Conclusion  
The main focus of the research was on the design and fabrication of microfluidic devices 
for performing immunoassays and DNA hybridisation assays, with the aim of improving 
the multiplexing capability of these devices by incorporating encoded microbeads. The 
research work was carried out by dividing the work into three specific aims. 
 
The first specific aim was to design and fabricate the microfluidic device. Design of the 
device was focused on the detection/patterning area where microbeads were immobilised 
and patterned individually in an array. In order to achieve patterning of the beads in a 
sealed microchannel and at a relatively high flow rate, an array of dome-shape structures 
and wells was proposed. This design was evaluated with CFD simulation to determine the 
most suitable dimensions for the structures. After simulation, the dome-shape structure 
with a height of 6 µm and a diameter of 10 µm was chosen.  
 
The main challenges during fabrication were the generation of three dimensional dome-
shape structures and the integration of these structures with the other components in the 
microfluidic device. Fabrication techniques that were suitable for rapid prototyping and 
utilised standard photolithography equipment were preferred for making the microfluidic 
device. However, a review of available techniques did not find any suitable methods for 
fabrication of the device. Instead, a double exposure process using standard 
photolithography equipment was devised to obtain a master mold that contained the 
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general microchannel design with integration of the dome-shape structures. The 
microfluidic device was completed after PDMS molding and numerous copies of the 
device could be rapidly replicated using the master mold.  This new fabrication technique 
could find applications in other areas such as microlens fabrication and generation of 
microchannels with circular cross-sectional profiles.   
 
The second specific aim was to pattern microbeads in the microfluidic device that was 
fabricated. A patterning protocol was designed to achieve patterning of 6 µm polystyrene 
beads individually in the detection area. Initial experiments validated the effectiveness of 
the design in patterning individual beads in an array. Subsequently, optimisation 
experiments were carried out to achieve at least 90% patterning efficiency within a single 
patterning step. The final patterning protocol used 1.05×10
8
 beads/ml and provided 3 
minutes of settling time for the beads to sink, before patterning the microbeads by 
flowing air at a rate of 5 µl/min. The entire patterning process could be completed within 
10 minutes. 
 
For the third specific aim, proof-of-concept experiments were carried out to test the 
feasibility of using the microfluidic device for biological applications and more 
importantly, the incorporation of encoded microbeads to improve multiplexing capability. 
The experiments demonstrated the flexibility of the microfluidic device in testing 
different biological molecules such as antibodies and DNA. The multiplexing capability 
of the microfluidic device was increased with the use of encoded microbeads and an 
image processing software that could rapidly decode the beads and acquire the 
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corresponding fluorescence intensity values. This was made possible by the 
immobilisation of individual microbeads in an array that allowed the software to 
simultaneously analyse over 2000 wells in the detection area. The bioassay was 
completed with the demonstration of statistical analysis that could be performed to 
determine the significance of the results and increase the reliability of the microfluidic 
device.  
 
The research from this thesis generated two publications in top journals
77, 78
 and another 
manuscript is currently under review. A US provisional patent for “Microfluidic device 
for multiplexed bead based detection” was also filed with application number 60/800,860. 
It is hoped that this research has contributed positively towards the research of 
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8.2 Future work 
There are two main areas where future research can be conducted from the work in this 
thesis. The first area is on the modified photolithography technique that is able to 
fabricate three dimensional structures without the use of sophisticated equipment. The 
chemistry of the partially crosslinked interfacial layer was crucial in generating the dome-
shape structures. More studies can be carried out to alter the properties of this layer such 
as the degree of crosslinking and the thickness of the layer formed in order to control the 
dimensions of the structures that can be generated. It is really up to the imagination of the 
researcher to create many more useful structures other than the domes for applications in 
microfabrication.  
 
The second area is on the use of the microfluidic device to perform more biological 
assays. More sets of encoded microbeads should be used to evaluate the full multiplexing 
capability of the device. Real patient samples should also be tested in the device to 
understand any difficulties in performing multiplex assays with such samples. All these 
aspects of the device must be studied if it is to be commercialised as a diagnostic tool in 
the market in the future. 
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